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13.  Abstract 

Survival  of  genotoxic  shock  is  essential  to  the  survival  of  any  organism.  The  DNA  damage  checkpoint  (DDC)  controls 
responses  to  DNA  damage.  Dysfunction  of  components  of  the  mammalian  DDC  pathways,  such  as  ATM,  hChk2,  p53,  and  BRCAl, 
correlate  with  increased  cancer  risk.  DDC  mechanisms  are  conserved;  in  Saccharomyces  cerevisiae,  ATM-family  kinase  MECl  is 
required  for  the  DDC,  as  are  hChk2-homolog  Rad53  and  BRCAI-like  Rad9.  The  powerful  genetic  and  biochemical  techniques  in  the 
S.  cerevisiae  model  present  it  as  an  ideal  system  in  which  to  study  conserved  DDC  mechanisms. 

DNA  damage  induces  the  AffiC7 -dependent  phosphorylation  of  Rad53.  MECl  is  also  required  for  the  damage-dependent 
phosphorylation  of  Rad9,  and  Rad53  interacts  with  phosphorylated  Rad9,  suggesting  that  Rad9  is  an  adaptor  for  the  DDC.  The  goal  of 
this  work  is  to  characterize  physical  and  catalytic  interactions  between  Mecl,  Rad53,  and  Rad9.  As  summarized  herein,  I  identified 
multiple  Mecl  phosphorylation  sites  within  Rad9  that  are  induced  in  response  to  DNA  damage.  I  determined  the  contribution  of  these 
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Introduction 

Survival  of  genotoxic  shock  is  essential  to  the  survival  of  any  organism.  The  DNA  damage  checkpoint 
signaling  pathway  controls  the  cellular  response  to  DNA  damage  (10,  19,  23,  24).  Dysfunction  of  components 
of  the  mammalian  DNA  damage  checkpoint  pathway,  such  as  ATM,  hChk2,  p53,  and  BRCAl,  correlates  with 
accelerated  tumorigenesis,  increased  cancer  risk,  and  tumor  chemotherapeutic  resistance  (2,  8,  11,  18,  20,  21). 
Eukaryotic  DNA  damage  checkpoint  pathway  mechanisms  are  conserved;  in  Saccharomyces  cerevisiae,  ATM- 
family  kinase  MECl  is  required  for  the  DNA  damage  response,  as  are  Rad53  and  Rad9  (1,  5,  12,  14,  16,  19,  22, 
25,  29,  30,  31).  Rad53  is  the  founding  member  of  a  kinase  family  implicated  in  DNA  checkpoints,  including 
mammalian  homolog  hChk2  (3,  4,  12,  13,  15,  30,  37).  Rad9  shares  homology  with  the  BRCAl  C-terminus 
(32).  S.  cerevisiae  thus  provides  a  powerful  genetic  system  in  which  to  study  the  conserved  DNA  damage 
checkpoint  pathway  mechanisms. 

The  Mecl -dependent  phosphorylation  and  activation  of  Rad53  is  a  step  in  the  propagation  of  the  DNA 
damage  signal  (17,  26,  27).  Mecl  is  also  required  for  the  DNA  damage-induced  phosphorylation  of  Rad9  (26, 
7,  28),  which  leads  to  the  binding  of  Rad53  by  phospho-Rad9  via  the  FHA  domains  of  Rad53  (26,  6).  The 
original  objectives  of  this  project  were:  first,  to  define  the  interactions  between  Mecl,  Rad53,  and  Rad9  that 
lead  to  the  activation  of  Rad53  by  the  DNA  damage  checkpoint;  and  second,  to  identify  the  mammalian 
homolog  of  RADS 3.  As  reported  after  the  first  year  of  this  grant,  the  second  objective  was  completed  and 
published  by  multiple  independent  laboratories  shortly  after  the  beginning  of  the  funding  period  for  this  grant 
(3,  4,  15,  37).  Therefore,  the  work  summarized  herein  focused  entirely  upon  the  first  objective,  a  detailed 
characterization  of  the  mechanism  of  Rad53  activation  by  the  DNA  checkpoint  in  S.  cerevisiae. 

Progress  on  Objective  1;  Characterization  of  physical  and  catalytic  interactions  of  Mecl 

Task  1:  Identification  and  characterization  of  Mecl 

To  determine  if  Mecl  phosphorylates  Rad9  or  Rad53,  the  first  goal  was  to  obtain  catalytically  active 
Mecl.  As  I  reported  after  Year  1,  the  first  route  to  study  of  Mecl  activity  was  to  generate  bacterially  expressed 
Mecl  kinase  domain  fusion  proteins.  A  similar  approach  was  previously  employed  for  the  study  of  the  catalytic 
activity  of  ATM  (2).  The  first  step  in  generating  Mecl  constructs  was  to  clone  MECl  from  a  wildtype  yeast 
strain.  I  cloned  MECl  from  diploid  yeast  strain  NY882  by  recombination  repair.  The  clone  fully  rescues  the 
checkpoint  deficiencies  of  a  meclts.  strain,  suggesting  that  the  clone  is  fully  functional.  A  bacterial  GST-kinase 
domain  fusion  was  constructed  and  expressed  in  protease  deficient  bacteria.  While  the  fusion  protein  expressed 
well,  and  was  easily  purified,  the  construct  lacked  detectable  kinase  activity  as  measured  by  either 
autophosphorylation  or  phosphorylation  of  a  test  substrate.  Similar  truncated  fusion  proteins  expressed  in 
mammalian  tissue  culture  cells  also  lacked  activity,  suggesting  that  the  lack  of  activity  is  inherent  to  the 
construct  and  not  the  expression  system. 

Turning  to  S.  cerevisiae  as  an  expression  system,  I  generated  a  full-length  galactose-induced  expression 
construct  of  Mecl  with  an  N-terminal  V5  epitope  tag.  This  construct  also  rescues  the  checkpoint  defects  of  a 
meclE  strain,  confirming  that  the  epitope  tag  does  not  disrupt  the  function  of  the  protein.  Mecl  proved  to  be  an 
unstable  protein;  Mecl  rapidly  degrades  when  stored  in  the  freezer.  After  repeated  attempts,  I  succeeded  in 
observing  V5Mecl  in  both  cell  lysates  and  immunoprecipitations.  V5Mecl  is  also  catalytically  active,  as 
measured  by  autophosphorylation  and  test  substrate  phosphorylation  in  in  vitro  kinase  assays.  Phosphorylation 
of  test  substrates  revealed  that  in  the  proper  context,  Mecl  phosphorylates  threonine.  Other  possible  substrate 
residues,  such  as  serine  or  tyrosine,  were  not  ruled  out  by  these  experiments.  The  V5Mecl  reagent  generated  in 
this  Task  was  subsequently  used  to  demonstrate  that  Mecl  can  phosphorylate  Rad9  in  vitro  at  physiologically 
relevant  sites. 
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Task  2:  Determination  of  the  physiological  relevance  of  Med  activity 

Rad9  is  phosphorylated  in  response  to  DNA  damage  in  a  MECi -dependent  manner.  To  confirm  that 
Mecl  is  indeed  the  kinase  that  phosphorylates  Rad9  in  response  to  DNA  damage,  I  plan  to  identify  Rad9  sites 
of  in  vivo  phosphorylation,  and  determine  if  Mecl  phosphorylates  these  residues  in  vitro.  As  I  reported  in  Year 
1,  and  described  below  in  Task  3,  we  identified  Rad9  T603  as  a  putative  Mecl  phosphorylation  site  involved  in 
Rad53  binding.  Using  a  bacterially  produced  Rad9  fusion  protein  containing  either  T603  or  a  T603A 
substitution,  I  performed  a  series  of  in  vitro  immune  complex  kinase  assays  with  V5Mecl.  VSMecl 
specifically  phosphorylated  the  wildtype  T603  fusion  protein,  and  not  the  T603A  mutant  version,  demonstrating 
that  Mecl  indeed  phosphorylates  Rad9  in  vitro.  As  I  also  reported  in  Year  1,  described  below  in  Task  3, 
subsequent  experiments  on  this  site  within  Rad9  demonstrated  that  loss  of  T603  does  not  significantly  reduce 
the  phosphorylation  of  Rad9  in  vivo.  One  possible  interpretation  of  this  data  is  that  Rad9  T603  is  simply  one  of 
several  Mecl  phosphorylation  sites  that  occur  within  Rad9.  As  described  in  Task  3, 1  undertook  during  Years  1 
and  2  a  series  of  experiments  that  determined  that  Rad9  T603,  as  well  as  a  cluster  of  putative  Mecl 
phosphorylation  sites  ([S/T]Q  cluster  domain,  SCD)  within  Rad9  are  sites  of  physiological  Rad9 
phosphorylation  and  Rad53  binding.  Therefore,  in  Year  3, 1  developed  evidence  that  directly  confirmed  that  at 
least  a  subset  of  these  sites  are  indeed  phosphorylated  in  vivo. 

To  directly  identify  sites  of  in  vivo  phosphorylation  on  Rad9, 1  planned  to  use  tryptic  phosphopeptide 
mapping  (TPM).  This  experiment  requires  the  ability  to  obtain  a  large  amount  of  in  vivo  ^^P-labeled  Rad9, 
which  is  a  very  challenging  task  as  it  involved  handling  large  amounts  (mCi)  of  radioactive  ^^P.  Furthermore, 
TPM  is  most  successful  on  smaller  proteins  that  yield  a  simpler  tryptic  peptide  map.  Nonetheless,  as  reported  in 
Year  1, 1  performed  pilot  experiments  to  determine  the  feasibility  of  this  method.  Previously  in  our  laboratory, 
Rad9  was  detected  and  purified  via  a  C-terminal  FLAG  epitope  tag.  Unfortunately,  shortly  before  the  initiation 
of  these  studies,  the  anti-FLAG  antibody  we  used  was  discontinued.  Altering  our  protocols  to  incorporate  other 
anti-FLAG  reagents  proved  intractable.  Hence,  I  replaced  the  C-terminal  FLAG  tag  on  Rad9  with  a  triple  HA 
epitope  (3xHA).  This  epitope,  like  the  FLAG  epitope,  does  not  compromise  the  function  of  Rad9.  Using  Rad9- 
3xHA,  I  was  able  to  labeled  and  purify  small  amounts  of  ^^P-labeled  Rad9.  However,  this  method  only 
generated  a  small  amount  of  labeled  material.  Therefore,  we  instead  sought  other  approaches  to  generate  direct 
evidence  for  Rad9  phosphorylation  sites. 

During  Year  3  of  this  grant,  I  sought  to  biochemically  purify  phosphorylated  Rad9  from  yeast  cell 
lysates  via  the  use  of  tandem  epitope  tags.  This  material  was  then  to  be  used  to  identify  Rad9  phosphorylation 
sites  by  mass  spectrometry.  In  this  approach,  I  made  use  of  two  published  multiply-tagged  RAD9 
overexpression  plasmids.  The  first  plasmid  expressed  Rad9  tagged  with  HA  and  6xHis  tags  (7)  and  the  second 
expressed  Rad9  with  GST  and  6xHis  tags  (40).  The  first  form  of  Rad9  was  readily  expressed  and  properly 
phosphorylated  in  response  to  DNA  damage,  yet  we  found  that  it  very  poorly  bound  to  either  immunoaffmity  or 
IMAC  matrix,  suggesting  that  the  epitope  tags  were  inaccessible  to  the  matrix.  On  the  other  hand,  the  GST/His- 
tagged  Rad9  both  expressed  well  and  was  easily  purified  to  a  coomassie-stainable  band.  However,  the  GST/His 
tagged  form  of  Rad9  was  not  detectable  phosphorylated  in  response  to  DNA  damage,  suggesting  that  the 
tandem  affinity  tags  were  interfering  with  the  in  vivo  function  of  Rad9.  As  neither  version  of  overexpressed, 
tagged  Rad9  was  acceptable,  we  explored  other  methods  for  directly  identifying  Rad9  phosphorylation  sites. 

By  Year  3,  the  mutagenesis  screen  described  in  Task  3  had  identified  a  number  of  putative  Mecl- 
consensus  phosphorylation  sites  within  Rad9  (the  Rad9  SCD  and  T603)  that  were  required  for  the 
phosphorylation  of  Rad9  and  interaction  of  Rad9  with  Rad53.  To  generate  direct  evidence  that  supported  the 
identification  of  these  sites  a  bona  fide  Rad9  phosphorylation  sites  induced  by  DNA  damage,  in  Year  3  I 
explored  the  use  of  phosphorylation  specific  antibodies  to  detect  these  sites  by  Western  blot.  Cell  Signaling 
Technologies  (CST)  markets  a  rabbit  polyclonal  antibody  that  recognizes  ATM/ATR/Mecl  family  consensus 
phosphorylation  sites  (phospho-[S/T]Q),  especially  when  preceded  by  a  hydrophobic  residue).  In  immunoblots 
of  yeast  lysates  from  cells  expressing  various  forms  of  Rad9, 1  observed  that  this  antibody  strongly  recognized 
the  phosphorylated  form  of  Rad9  induced  by  DNA  damage.  Furthermore,  mutation  of  Rad9  T603  strongly 
reduced  this  immunoreactivity,  suggesting  that  Rad9  T603  is  indeed  a  physiological  DNA  checkpoint-induced 
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Mecl  phosphorylation  site  within  Rad9.  The  additional  mutation  of  the  Rad9  SCD  abrogated  the  remaining 
phospho-[S/T]Q  immunoreaetivity  observed  with  the  CST  antibody  ,  suggesting  that  the  Rad9  SCD  indeed 
contains  additional  Mecl  phosphorylation  sites. 

Also  in  Year  3,  to  generate  further  direct  evidence  for  a  Mecl  phosphorylation  site  within  the  Rad9 
SCD,  I  generated  a  polyclonal  antibody  that  recognized  one  of  the  Rad9  SCD  sites  when  phosphorylated.  The 
antibodies  were  generated  against  phosphopeptides  synthesized  by  the  Keck  Facility  at  Yale  University  School 
of  Medicine.  I  initially  attempted  to  generate  a  phosphospecific  antibody  using  the  Rad9  SCD  site  T390  peptide 
TENNSNRSpTQIVNNPR.  Although  antibodies  were  purified  both  through  positive  and  negative  selection  on 
phospho-  and  nonphosphopeptide  columns,  the  antibodies  purified  in  this  attempt,  while  peptide  specific,  were 
not  phosphorylation  specific,  as  determined  by  ELISA  and  immunoblot.  We  reasoned  that  shortening  the 
peptide  surrounding  the  phospho-site  would  increase  the  chances  of  developing  a  phosphospecific  antibody 
against  Rad9  T390.  Therefore,  we  retried  this  protocol  using  the  Rad9  T390  phosphopeptide  KSNRSpTQIVN. 
This  peptide  contained  only  four  residues  on  either  side  of  the  phosphorylation  site,  in  addition  to  a  lysine 
residue  added  at  the  N-terminus  to  facilitate  crosslinking  of  the  peptide  to  carrier.  This  modification  of  the 
antigenic  peptide  successfully  allowed  the  purification  of  antibody  that  specifically  recognized  Rad9  T390 
when  phosphorylated,  directly  demonstrating  that  the  Rad9  SCD  is  indeed  a  target  of  phosphorylation  in 
response  to  DNA  damage. 

Task  3:  identification  of  physical  interactions  between  Mecl,  RadSB,  and  Rad9 

To  characterize  the  formation  of  a  complex  including  Mecl,  Rad53,  and  Rad9, 1  sought  to  identify  by 
immunoprecipitation  a  complex  containing  Mecl  and  Rad9  or  Rad53.  As  I  reported  in  Year  1,  working  with 
Damon  Banks,  a  rotation  student  in  the  lab,  we  sought  two-hybrid  evidence  for  an  interaction  between  these 
proteins.  We  constructed  three  overlapping  Mecl  constructs,  and  tested  them  in  combination  with  Rad9  and 
Rad53  constructs.  Unfortunately,  we  did  not  observe  a  significant  two-hybrid  interaction  between  these 
constructs.  During  Years  1  and  2,  unsuccessful  attempts  were  also  made  to  coimmunoprecipitate  Mecl  with 
either  Rad9  or  Rad53.  Thus,  to  date,  we  have  been  imable  to  directly  identify  a  stable  interaction  between  Mecl 
and  either  Rad9  or  Rad53.  However,  we  continued  our  analysis  of  the  robust  DNA  damage-induced  interaction 
between  Rad53  and  phosphorylated  Rad9. 

As  I  discussed  after  Year  1,  Durocher  et  al  (6)  demonstrated  in  vitro  phospho-specific  binding  of  FHA 
domains  to  artificial  substrates.  Surprisingly,  they  were  also  able  to  use  a  GST-Rad53  FHAl  fusion  protein  to 
precipitate  Rad9-containing  complexes  from  cell  lysates.  This  was  unexpected  given  our  two-hybrid  analysis 
that  suggested  that  Rad53  FHAl  is  not  able  to  substitute  for  Rad53  FHA2  (26).  This  data  suggest  that  Rad53 
FHAl  may  participate  in  the  Rad53/Rad9  interaction;  alternatively,  Rad53  FHAl  may  also  be  capable  of 
interacting  with  other  components  of  a  Rad9-containing  complex.  Therefore,  during  Year  3, 1  studied  the  in 
vivo  contribution  of  both  of  the  Rad53  FHA  domains  to  its  interaction  with  phosphorylated  Rad9  in  the  DNA 
damage  checkpoint  pathway.  To  this  end,  I  used  a  series  of  yeast  expression  constructs  that  express 
endogenous  levels  of  Rad53  with  mutations  in  conserved  residues  of  FHAl,  FHA2,  or  both.  Mutation  of  Rad53 
FHAl  or  FHA2  did  not  alter  Rad9  phosphorylation  profiles  induced  by  DNA  damage,  consistent  with  the  lack 
of  a  requirement  for  RAD53  for  Rad9  phosphorylation.  Mutation  of  either  Rad53  FHAl  or  FHA2  strongly 
reduced  the  ability  of  Rad53  to  coimmunoprecipitate  with  phosphorylated  Rad9,  and  similarly  reduced  the 
DNA  damage-induced  phosphorylation  of  Rad53.  Notably,  mutation  of  Rad53  FHA2  impaired  the 
coimmunoprecipitation  of  Rad53  with  Rad9  and  Rad53  phosphorylation  even  more  severely  than  mutation  of 
Rad53  FHAl.  Finally,  mutation  of  both  Rad53  FHA  domains  completely  eliminated  the 
coimmunoprecipitation  of  Rad9  with  Rad53  prevented  the  DNA  damage-induced  phosphorylation  of  Rad53. 
These  results  indicate  that  the  Rad53  FHA  domains  are  both  required  for  the  stable  interaction  of  Rad53  with 
phosphorylated  Rad9,  although  there  is  a  slight  preference  for  Rad53  FHA2. 

Genetic  and  biochemical  data  indicates  that  Rad9  is  likely  a  direct  substrate  of  Mecl  in  vivo,  and,  as  I 
reported  in  Year  1  Task  2,  Mecl  phosphorylates  an  ATM-family  consensus  [S/T]Q  site  within  Rad9  in  vitro. 
To  expand  our  understanding  of  the  Rad53-Rad9  interaction  first  discovered  in  our  laboratory,  I  studied  the 
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possibility  that  the  putative  Mecl  phosphorylation  [S/T]Q  sites  within  Rad9  are  bona  fide  DNA  damage- 
induced  phosphorylation  sites  that  serve  as  Rad53  FHA  domain  docking  sites  in  vivo.  This  is  especially  exiting 
as,  though  the  FHA  domain  is  a  novel  phosphorylation-dependent  protein  binding  domain  with  several  literature 
reports  of  in  vitro  binding  specificities,  not  one  in  vivo  FHA  domain  binding  site  has  yet  been  described.  As  I 
reported  in  Year  1,  two-hybrid  analysis  of  Rad9  deletion  constructs  identified  a  78  amino  acid  sequence  within 
Rad9  that  is  sufficient  for  the  two-hybrid  interaction  with  Rad53  FHA2.  Supporting  the  hypothesis  that  Mecl 
creates  the  binding  site  for  Rad53,  a  putative  ATM-family  phosphorylation  site  ([S/T]Q)  was  observed  within 
this  sequence  at  Rad9  T603.  Mutation  of  the  threonine  to  alanine  largely  abrogated  the  two-hybrid  interaction, 
and  mutation  to  a  positively  charged  arginine  abolished  the  interaction.  However,  substitution  of  a  negatively 
charged  glutamate  for  the  threonine,  mimicking  the  negative  charge  of  a  phosphorylated  threonine,  largely 
rescued  the  two-hybrid  interaction. 

To  confirm  the  identification  of  a  Rad53  phospho-binding  site  within  Rad9  in  vivo,  during  Year  1,  I 
generated  Rad9-3xHA  expression  constructs  containing  either  a  threonine-to-alanine  substitution  at  T603,  or  a 
28  amino  acid  deletion  encompassing  T603.  Surprisingly,  these  mutations  failed  to  impair  the  Rad9 
phosphorylation  observed  in  response  to  DNA  damage.  These  data  suggested  that  Rad9  T603  either  is  not  a 
major  phosphorylation  site  within  Rad9,  or  phosphorylation  of  T603  does  not  have  a  major  affect  on  the 
electrophoretic  mobility  shift  of  Rad9.  If  Rad53  FHA2  binds  Rad9  primarily  at  T603,  these  mutations  should 
prevent  this  interaction,  detaching  Rad53  from  DNA  damage  checkpoint  regulation.  However,  these  mutations 
fail  to  both  alter  the  activation  of  Rad53,  and  disrupt  the  normal  action  of  the  G2/M  checkpoint-dependent  arrest 
after  DNA  damage.  These  data  suggest  that  Rad9  T603  is  either  redundant  with  other  Rad53  binding  sites,  or 
was  a  false  positive  identified  in  the  potentially  artificial  environment  of  the  two-hybrid  system. 

As  I  reported  in  Year  1,  to  identify  other  putative  Mecl  phosphorylation  sites  that  contribute  to  the 
interaction  of  Rad53  with  Rad9,  I  constructed  a  set  of  strains  containing  combinations  of  mutations  these 
residues.  To  eliminate  the  possibility  of  redundant  contribution  of  T603,  these  mutations  were  generated  in 
Rad9  already  containing  the  28  amino  acid  deletion  surrounding  T603.  While  most  of  these  additional 
mutations  had  no  effect,  the  deletion  of  69  amino  acids  containing  a  cluster  of  six  of  these  sites  (the  Rad9  SCD) 
both  abrogated  the  DNA  damage  induced  phosphorylation  of  Rad9,  and  impaired  the  interaction  of  Rad53  with 
Rad9. 

To  confirm  that  the  disruptions  in  Rad53/Rad9  behavior  observed  are  due  to  the  loss  of  the 
phosphorylation  sites,  and  not  due  to  a  nonspecific  disruption  of  Rad9  from  the  deletion,  in  Year  1  I  also 
generated  a  mutant  with  alanine  substitutions  at  the  six  putative  phosphorylated  residues  (rad9®’‘'^).  Like  the 
cluster  deletion,  this  six-alanine  mutation  (6xA)  impairs  both  the  DNA  damage  dependent  phosphorylation  of 
Rad9,  and  its  subsequent  interaction  with  Rad53.  These  data  suggest  that  this  cluster  is  a  bona  fide  binding  site 
for  Rad53.  Building  on  the  6xA  mutation,  I  alanine-substituted  T603  to  generate  the  7xA  mutant.  rad9’’‘'*^ 
biochemically  appears  similar  to  the  rad9^’‘''^. 

The  Rad9  SCD  contains  a  total  of  six  [S/T]Q  sites.  As  I  reported  in  Year  2,  to  determine  if  a  single  site 
has  a  dominant  contribution  to  Rad9  phosphorylation  and  interaction  with  Rad53,  I  tested  a  series  of  rad9 
mutants  containing  single  alanine  substitutions  of  individual  SCD  sites.  Mutation  of  single  [S/T]Q  sites  within 
the  SCD  had  little  apparent  effect  on  the  DNA  damage  induced  phosphorylation  of  Rad9,  immunoprecipitation 
of  Rad9  with  Rad53,  or  Rad53  phosphorylation  .  Since  simultaneous  substitution  of  all  six  sites  does  inactivate 
these  functions,  these  data  suggest  that  there  are  multiple  phosphorylation  sites  within  this  group,  and  that 
Rad53  interacts  redundantly  with  some  or  all  of  these  sites. 

As  I  reported  in  Year  2,  to  characterize  the  ability  of  a  single  Rad9  SCD  site  to  support  the  interaction  of 
Rad9  with  Rad53, 1  examined  the  rescue  of  Rad9  and  Rad53  DNA  damage  checkpoint  regulation  after 
restoration  of  single  [S/T]Q  residues  into  an  otherwise  mutant  SCD.  Reintroduction  of  a  wildtype  residue  at 
Rad9  S435  best  restored  the  DNA  damage-induced  slower  mobility  forms  of  Rad9.  However,  reintroduction  of 
Rad9  S435  only  modestly  rescued  the  DNA  damage-induced  Rad9  coimmunoprecipitation  with  Rad53,  and  the 
phosphorylation  of  Rad53.  By  contrast,  reintroduction  of  Rad9  T390  moderately  restored  the  DNA  damage- 
induced  slower  mobility  forms  of  both  Rad9  and  Rad53.  However,  even  this  add-back  mutant  only  partially 
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rescued  coimmunoprecipitation  of  Rad9  with  Rad53,  and  no  single  Rad9  cluster  add-back  allele  fully  restored 
the  checkpoint-induced  phosphorylation  or  coimmunoprecipitation  of  Rad9  and  Rad53.  These  data  indicate  that 
the  Rad9  [S/T]Q  cluster  sites  may  act  in  an  additive  or  cooperative  manner  to  recruit  Rad53.  Moreover,  these 
results  extend  the  absolute  correlation  between  the  ability  of  Rad9  to  coimmunoprecipitate  with  Rad53  and  the 
damage-regulated  phosphorylation  of  Rad53,  supporting  the  model  wherein  Rad9  functions  as  an  adaptor  for 
the  DNA  damage  checkpoint  signaling  pathway. 

To  determine  if  the  Rad9  SCD  and  T603  contribute  to  the  function  of  Rad9  in  the  checkpoint  response 
to  DNA  damage,  I  analyzed  the  ability  of  these  mutants  cells  to  prevent  mitosis  in  the  face  of  a  strong  DNA 
damage  signal.  In  this  assay,  rad53  cells  initiate  arrest,  but  fail  to  maintain  the  G2  arrest  as  single  nucleated 
cells,  instead  proceeding  with  nuclear  division  to  yield  cells  with  two  nuclei  (9,  26).  rad9l\  cells  demonstrate  a 
complete  failure  of  the  G2/M  checkpoint  arrest,  proceeding  through  nuclear  division  without  pause  (9).  If  the 
rad9^’^^  mutant  fails  to  activate  Rad53  due  to  a  general  defect  in  Rad9  function,  then  rad9^^^  cells  will  behave 
similar  to  rad9ls..  Alternatively,  if  rad9^’‘'^  is  functionally  deficient  for  Rad53  activation  as  it  is  biochemically, 
then  rad9^''^  cells  will  behave  similar  to  radSS  cells.  As  I  reported  in  Year  1,  my  analysis  of  the  G2/M  DNA 
damage  checkpoint  in  wildtype,  rad9^^^,  rad9A,  and  demonstrated  that  rad9^^^  has  defects  similar 

to  those  of  the  rad53  cells  . 

In  Year  2,  I  expanded  this  functional  analysis  to  include  a  subset  of  the  partial  SCD  site  mutants 
described  above.  Consistent  with  the  ability  of  the  T390  add-back  mutant  to  significantly  recover  the  DNA 
damage-induced  interaction  of  Rad9  with  Rad53,  reintroduction  of  Rad9  T390  to  rad9^'''^  also  partially 
recovered  the  iMDJi-dependent  G2/M  arrest.  However,  this  rescue  was  weak,  suggesting  that  the  regulation  of 
Rad53  via  an  intact  Rad9  SCD  is  required  for  the  full  action  of  the  iMDJi-dependent  G2/M  DNA  damage 
checkpoint  arrest.  Readdition  of  S435  to  the  rad9^''‘^  mutant  only  weakly  recovering  the  coimmunoprecipitation 
of  Rad9  with  Rad53,  was  less  able  to  recover  the  G2/M  arrest. 

Both  Rad53  and  another  DNA  damage  checkpoint  kinase,  Chkl,  act  to  enforce  the  G2/M  checkpoint 
arrest  in  response  to  DNA  damage  (9,  26,  38,  39).  To  confirm  that  the  G2/M  arrest  defect  in  the  rad9^^  cells 
reflects  the  failure  of  the  DNA  damage  checkpoint  pathway  in  coupling  to  Rad53  rather  than  Chkl,  in  Year  3  I 
determined  the  effect  of  the  rad9^^^  mutation  in  chkl  A  and  rad53A  cells.  rad53A  rad9^^^  cells  were  as 
defective  in  the  G2/M  DNA  damage  checkpoint  arrest  as  rad53A  cells,  suggesting  that  the  two  mutations  disrupt 
the  same  pathway.  By  contrast,  chkl  A  rad9^^'^  cells  were  less  competent  for  the  function  of  the  G2/M 
checkpoint  arrest  than  chkl  A  cells,  suggesting  that  Chkl  and  the  Rad9  phosphorylation  sites  function  in 
separate  pathways. 

RAD9  is  required  for  the  DNA  damage-induced  phosphorylation  of  Chkl,  and  Rad9  interacts  with  Chkl 
in  a  yeast  two-hybrid  assay  (38),  suggesting  that  Rad9  may  also  directly  recruit  Chkl  to  the  DNA  damage 
checkpoint  pathway.  Therefore,  In  Year  3, 1  determined  whether  the  DNA  damage-induced  phosphorylation  of 
Chkl  is  intact  in  rad9^’'^  cells.  As  expected,  the  DNA  damage-dependent  phosphorylation  of  Rad53  and  Chkl 
was  absent  in  a  rad9A  strain,  and  Rad53  phosphorylation  was  abrogated  in  rad9''^  cells.  However,  the  damage- 
dependent  phosphorylation  of  Chkl  was  not  lost  in  the  rad9^^'^  strain.  These  data  indicate  that  the  major  DNA 
damage-induced  Rad9  phosphorylation  sites  are  not  essential  for  the  regulation  of  Chkl  by  Rad9. 

Task  4:  in  vitro  reconstruction  of  the  Rad53-Rad9  interaction 

One  of  the  outstanding  questions  about  the  Rad53-Rad9  interaction  is  whether  the  interaction  is  direct, 
or  via  another  polypeptide  or  other  intermediary.  To  distinguish  these  possibilities,  I  sought  to  demonstrate 
Rad53  binding  to  Rad9  in  vitro  using  components  generated  independently  of  S.  cerevisiae.  After  identification 
of  Rad9  T603  as  a  putative  phospho-specific  binding  site  for  Rad53, 1  had  synthesized  two  versions  of  the  28 
mer  tryptic  peptide  containing  T603:  a  normal  version,  and  a  version  with  phosphothreonine  at  TQ#8.  To 
demonstrate  binding  of  Rad53  to  this  peptide,  I  developed  the  following  assay:  the  synthetic  Rad9  peptides 
were  dot  blotted  to  a  membrane,  and  a  soluble,  bacterially  expressed  Rad53  FHA2  fusion  protein  was  floated  in. 
GST-Rad53  FHA2  binding  was  detected  via  chemiluminescence  with  antibodies  to  GST.  This  experiment 
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demonstrated  that  Rad53  FHA2  specifieally  binds  the  phosphorylated  version  of  a  Rad9  peptide  containing  an 
in  vivo  phosphorylation  site  induced  by  DNA  damage. 

During  Year  2  of  this  project,  I  identified  several  Mecl  phosphorylation  sites  within  Rad9  that  are 
induced  by  DNA  damage,  including  Rad9  T390.  The  ability  of  Rad9^’‘  to  enable  a  significant  proportion 
of  the  Rad9  interaction  with  Rad53  implies  that  T390  is  a  major  functional  site  for  Rad53  binding  in  vivo.  To 
determine  if  Rad53  binds  directly  to  Rad9  T390  in  a  phosphorylation-dependent  manner,  I  measured  the 
increase  of  surface  plasmon  resonance  caused  by  binding  of  soluble,  bacterially  produced  Rad53  FHA  domains 
to  synthetic  Rad9  T390  peptides  immobilized  on  a  BIAcore  sensor  chip.  Rad53  FHAl  specifically  interacted 
with  the  phosphorylated  Rad9  T390  peptide  (P-T390),  and  mutation  of  two  conserved  FFIA  domain  residues 
abolished  this  binding.  Similar  to  FHAl,  GST-Rad53  FHA2  preferentially  bound  the  phosphorylated  Rad9 
T390  peptide,  demonstrating  an  affinity  lost  upon  mutation  of  conserved  FHA2  residues.  On  average,  Rad53 
FHAl  bound  the  phosphorylated  Rad9  T390  peptide  with  a  Kp  of  2.5  pM  (5=0.3,  n=6),  and  GST-Rad53  FHA2 
bound  with  a  Kp  of  1.4  pM  (5=0.3,  n=3),  though  the  observed  affinity  of  GST-FHA2  may  have  been  artificially 
increased  due  to  the  ability  of  GST  to  homodimerize.  Taken  together,  these  results  show  that  the  Rad53  FHA 
domains  can  directly  and  specifically  bind  Rad9  peptides  phosphorylated  at  ATM-family  consensus  [S/T]Q 
phosphorylation  sites.  Thus,  we  successfully  reconstructed  in  vitro  the  DNA  damage-induced  binding  of  Rad53 
FHA  domains  to  Rad9  phosphorylation  sites. 

Progress  on  Objective  2:  Identification  of  mammalian  Rad53  homologs 

Task  1:  Initiation  of  screens  for  mammalian  checkpoint  homologs 

As  reported  in  Year  1  of  the  project: 

At  the  outset  of  this  project,  there  were  no  known  mammalian  homologs  of  Rad53.  To  identify  these 
genes,  I  planned  a  degenerate-PCR  strategy  to  isolate  homologs  based  on  their  sequence  similarity  in  FHA  and 
kinase  domains.  Working  with  Damon  Banks,  we  designed  and  had  synthesized  a  set  of  highly  degenerate 
primers  for  both  the  FHA  and  kinase  domains.  We  selected  a  X.-gtl  1  library  constructed  from  growing  Jurkat 
cells,  lymphocytes  we  reasoned  were  likely  to  express  DNA  damage  checkpoint  genes.  We  tested  a  range  of 
PCR  amplification  parameters,  including  annealing  and  extension  temperatures,  primer  and  template 
concentration,  and  divalent  cation  content.  In  a  pilot  experiment,  we  amplified  and  cloned  several  products.  Of 
eight  isolates,  in  two  the  primers  had  amplified  a  genuine  target  sequence;  one  of  the  kinase  domain  primers 
successfully  amplified  a  kinase.  Surprisingly,  both  independently  amplified  kinase  clones  were  Chkl,  a  known 
DNA  damage  checkpoint  component.  While  the  pilot  experiment  did  not  identify  a  novel  checkpoint  gene,  this 
result  suggested  that  this  was  a  viable  approach. 

Unfortunately,  shortly  after  the  pilot  experiments  in  developing  the  screen  for  mammalian  homologs  for 
Rad53,  several  laboratories  published  their  independent  isolation  and  characterization  of  Rad53  homologs  (3,  4, 
15,  37).  The  identified  gene,  named  Chk2,  is  a  component  of  the  mammalian  ATM/ATR  DNA  damage 
checkpoints,  validating  the  concept  for  this  objective.  However,  between  these  and  subsequent  publications, 
much  of  the  remaining  experiments  proposed  for  Objective  2  were  reported.  Therefore,  based  on  he  advice  of 
my  mentor.  Dr.  David  Stem,  and  my  thesis  advisory  committee,  I  am  focusing  my  efforts  on  the  development 
and  expansion  of  the  goals  within  the  first  objective.  The  work  required  to  develop,  as  well  as  the  results 
derived  from  my  goals  in  Objective  1  are  much  more  expansive  than  I  originally  anticipated.  Indeed,  the 
“overly  ambitious”  nature  of  my  proposal  was  one  of  the  few  negative  comments  given  by  the  proposal’s 
reviewers. 

Key  Research  Accomplishments 

•  Cloned,  expressed,  and  purified  ATM-homolog  Mecl 

•  Developed  in  vitro  Mecl  kinase  assay 
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•  Identified  Rad9  as  a  Mecl  substrate  in  vitro 

•  Identified  putative  Mecl  phosphorylation  sites  (Rad9  SCD  and  T603)  within  Rad9  in  vivo  required  for 
Rad53  interaction  and  function  of  the  DNA  damage  checkpoint 

•  Characterized  the  contribution  of  the  Rad9  SCD  and  T603  to: 

•  Rad9  phosphorylation 

•  Interaction  of  Rad9  with  Rad53 

•  Rad53  phosphorylation 

•  Function  of  the  G2/M  DNA  damage  checkpoint  arrest 

•  Survival  of  genotoxic  stress 

•  Interaction  of  Rad9  with  Chkl 

•  Reconstructed  in  vitro  the  binding  of  Rad53  FHA2  to  a  phosphorylated  Rad9  peptide 

•  Demonstrated  in  vitro  the  direct  binding  of  Rad53  FHA  domains  to  a  phosphorylated  Rad9  SCD  peptide 

•  Confirmed  Rad9  T603  and  SCD  site  T390  as  physiological  phosphorylation  sites  induced  by  DNA  damage 

•  Initiated  a  degenerate-PCR  screen  for  Rad53  homologs 

Reportable  Outcomes 

1 .  Manuscripts,  abstracts,  and  presentations 

•  Schwartz,  M.F.  (2002)  FHA  domain-mediated  regulation  of  Rad53  by  DNA  checkpoint  pathways  in 
Saccharomyces  cerevisiae.  Ph.D.  Thesis,  Department  of  Cell  Biology,  Yale  University. 

•  Schwartz,  M.F.,  Lee,  S.,  Duong,  J.K.,  and  Stem,  D.F.  (2002)  Regulation  of  Rad53  by  its  FHA  domains. 
In  preparation. 

•  Schwartz,  M.F.,  Duong,  J.K.,  Sun,  Z.,  Morrow,  J.S.,  Pradhan,  D.,  and  Stern,  D.F.  (2002)  Rad9 

phosphorylation  sites  couple  Rad53  to  the  Saccharomyces  cerevisiae  DNA  damage  checkpoint. 
Molecular  Cell  9:  1055-1065.  (reprint  included  as  Appendix  2) 

•  Schwartz,  M.F.,  Duong,  J.K.,  Sun,  Z.,  Pradhan,  D.,  and  Stem,  D.F.  (2002)  Rad9  phosphorylation  sites 
directly  couple  Rad53  to  regulation  by  the  DNA  damage  checkpoint  pathway.  Keystone  Symposium, 
Molecular  Mechanisms  of  DNA  Replication  and  Recombination. 

•  Schwartz,  M.F.,  Sun,  Z.,  Hsiao,  J.,  and  Stem,  D.F.  (2000)  Interaction  of  Rad53  with  Rad9  in  the  DNA 
Damage  Checkpoint  of  S.  cerevisiae.  Department  of  Defense  Breast  Cancer  Research  Program  Era  of 
Hope  Meeting. 

•  Schwartz,  M.F.,  Sun,  Z.,  Hsiao,  J.,  and  Stem,  D.F.  (2000)  Phosphorylation-dependent  Interaction  of 
Rad53  with  Rad9  in  the  DNA  Damage  Checkpoint  of  S.  cerevisiae.  65*'^  Cold  Spring  Harbor  Laboratory 
Symposium,  Biological  Responses  to  DNA  Damage. 
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2.  Patents  and  licenses  applied  for  and/or  issued 

3.  Degrees  obtained 

•  Doctor  of  Philosophy  (Cell  Biology),  2002,  Yale  University 

4.  Development  of  cell  lines,  tissue  or  serum  repositories 

5.  Informatics 

6.  Funding  applied  for 

7.  Employment  or  research  opportunities  applied  for 

Conclusions 

All  of  the  goals  of  the  first  objective  of  this  proposal  have  been  met  and  exceeded.  I  successfully 
developed  Mecl  as  a  biochemical  reagent.  I  identified  and  confirmed  in  vivo  Mecl  phosphorylation  sites 
within  Rad9  that  are  required  for  both  the  phosphorylation  of  Rad9  and  the  interaction  of  Rad53  with  Rad9  in 
response  to  DNA  damage.  I  determined  the  contribution  of  individual  sites  within  the  Rad9  SCD  to  the 
function  of  Rad9  in  regulating  Rad53  and  the  G2/M  DNA  damage  checkpoint.  I  demonstrated  that  Mecl  can 
phosphorylate  Rad9  in  vitro,  and  that  both  Rad53  FHA  domains  bind  Rad9  phosphopeptides  in  vitro.  I  found 
that  both  Rad53  FHA  domains  are  required  in  vivo  for  the  interaction  of  Rad53  with  Rad9,  while  the  Rad9 
phosphorylation  sites  bound  by  Rad53  are  not  required  for  the  RyfDP-dependent  DNA  damage  checkpoint 
regulation  of  another  conserved  checkpoint  kinase,  Chkl. 

Over  the  course  of  this  grant,  these  results  have  been  presented  at  several  meetings,  namely  a  Cold 
Spring  Harbor  Symposium,  a  BCRP  Era  of  Hope  Meeting,  and  a  Keystone  Symposium.  In  addition,  a 
significant  portion  of  Years  2  and  3  were  spent  successfully  preparing  and  publishing  these  results  in  the  form 
of  a  paper  in  Molecular  Cell,  and  a  Doctoral  thesis.  In  addition,  another  paper  manuscript  is  under  preparation, 
and  will  be  submitted  shortly  after  the  end  of  the  grant  period. 
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Appendix  1  -  Paper  Reprint 

In  lieu  of  figures,  a  reprint  of  the  following  publication  is  included  to  illustrate  the  data  described  above. 

Schwartz,  M.F.,  Duong,  J.K.,  Sun,  Z.,  Morrow,  J.S.,  Pradhan,  D.,  and  Stem,  D.F.  (2002)  Rad9  phosphorylation 
sites  couple  Rad53  to  the  Saccharomyces  cerevisiaeXyHA.  damage  checkpoint.  Molecular  Cell  9,  1055-1065. 
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Summary 

Rad9  is  required  for  the  MECf/TELf -dependent  acti¬ 
vation  of  Saccharomyces  cerevisiae  DNA  damage 
checkpoint  pathways  mediated  by  Rad53  and  Chki. 
DNA  damage  induces  Rad9  phosphorylation,  and 
Rad53  specifically  associates  with  phosphorylated 
Rad9.  We  report  here  that  multiple  Mec1/Tel1  consen¬ 
sus  [S/T]Q  sites  within  Rad9  are  phosphorylated  in 
response  to  DNA  damage.  These  Rad9  phosphoryla¬ 
tion  sites  are  selectively  required  for  activation  of  the 
Rad53  branch  of  the  checkpoint  pathway.  Consistent 
with  the  in  vivo  function  in  recruiting  Rad53,  Rad9 
phosphopeptides  are  bound  by  Rad53  forkhead-asso- 
ciated  (FHA)  domains  in  vitro.  These  data  suggest  that 
functionally  independent  domains  within  Rad9  regu¬ 
late  Rad53  and  Chk1,  and  support  the  model  that  FHA 
domain-mediated  recognition  of  Rad9  phosphopep¬ 
tides  couples  Rad53  to  the  DNA  damage  checkpoint 
pathway. 

Introduction 

DNA  checkpoints  attenuate  the  mutagenicity,  genomic 
instability,  and  cell  lethality  resulting  from  DNA  damage. 
In  response  to  DNA  damage,  these  pathways  delay  cell 
cycle  progression,  increase  the  transcription  of  DNA 
checkpoint,  replication,  and  repair  genes,  and  can  acti¬ 
vate  apoptosis.  In  addition,  DNA  checkpoint  pathways 
may  directly  regulate  the  DNA  repair  process.  Several 
checkpoint  pathway  components  are  recognized  as  tu¬ 
mor  suppressors,  and  dysfunction  of  checkpoint  signal¬ 
ing  pathways  is  frequently  associated  with  cancers  (re¬ 
viewed  in  Zhou  and  Elledge,  2000). 

DNA  checkpoint  pathways  amplify  and  transmit  the 
checkpoint  signal  to  the  effector  pathways  through  an 
evolutionarily  conserved  kinase  cascade.  The  first  tier 
of  this  cascade  involves  members  of  a  family  of  phos- 
phatidylinositol-{3')  kinase-like  protein  kinases  (PIKKs) 
that  includes  mammalian  ATM,  ATR,  and  the  catalytic 
subunit  of  DNA-dependent  protein  kinase  (DNA-PKcs). 
These  PIKKs  regulate  the  activation  of  two  unrelated 
effector  checkpoint  kinases  (Chks),  represented  by 
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mammalian  Chki  and  Chk2  (reviewed  in  Rhind  and  Rus¬ 
sell,  2000;  Durocher  and  Jackson,  2001 ;  Abraham,  2001). 

In  Saccharomyces  cerevisiae,  the  PIKK  to  Chk  kinase 
cascade  is  an  obligatory  component  of  two  DNA  check¬ 
point  signaling  pathways.  The  DNA  damage  checkpoint 
pathway  is  sensitive  to  various  forms  of  DNA  damage 
throughout  the  cell  cycle.  The  DNA  replication  check¬ 
point  pathway  functions  in  S  phase  and  is  activated  in 
response  to  both  inhibition  of  DNA  synthesis  and  DNA 
damage  (reviewed  in  Elledge,  1996).  Although  both  of 
these  pathways  involve  the  PIKKs  Med  or  Tell,  the 
DNA  replication  checkpoint  pathway  activates  the  Chk2 
homolog  Rad53  but  not  Chki.  By  contrast,  the  DNA 
damage  checkpoint  pathway  activates  both  Rad53  and 
Chki  (Sun  et  al.,  1996;  Sanchez  et  al.,  1996, 1999).  This 
differential  regulation  is  partially  mirrored  in  fission 
yeast,  where  the  PIKK  Rad3  is  required  for  all  DNA 
checkpoint  pathways,  and  DNA  damage  activates  Chki 
while  replication  inhibition  activates  the  Chk2  homolog 
Cdsi  (Walworth  et  al.,  1993;  al-Khodairy  et  al.,  1994; 
Bentley  et  al.,  1996;  Lindsay  et  al.,  1998). 

S.  cerevisiae  RADS  Is  the  prototype  DNA  damage 
checkpoint  gene  (Weinert  and  Hartwell,  1988)  and  is 
required  for  the  DNA  damage  checkpoint  pathway 
throughout  the  cell  cycle  (Weinert  and  Hartwell,  1 988; 
Slede  et  al.,  1993;  Paulovich  et  al.,  1997).  Rad9  shares 
localized  homology  with  the  mammalian  tumor  suppres¬ 
sor  BRCA1  (Koonin  et  al.,  1996;  Bork  et  al.,  1997).  Loss 
of  RADS  impairs  checkpoint-induced  cell  cycle  arrest 
and  increases  genomic  instability  (Weinert  and  Hartwell, 
1 988, 1 990).  RADS  is  required  for  the  activation  of  Rad53 
and  Chki  by  the  DNA  damage  checkpoint  pathway  (Na¬ 
vas  et  al.,  1996;  Sanchez  et  al.,  1999).  Moreover,  DNA 
damage  but  not  replication  block  induces  Rad9  phos¬ 
phorylation  in  a  Mecl/Tell -dependent  manner,  and 
Rad53  specifically  interacts  with  phosphorylated  Rad9 
in  vivo  (Sun  et  al.,  1 998;  Emili,  1 998;  Vialard  et  al.,  1 998). 
These  data  suggested  that  Rad9  acts  as  a  pathway- 
specific  adaptor  that  recruits  Rad53  and  Chki  to  DNA 
damage-dependent  activation  complexes  (Sun  et  al., 
1998;  Sanchez  et  al.,  1999).  This  model  is  supported  by 
the  recent  observation  that  immunoprecipitated  phos¬ 
phorylated  Rad9  facilitates  the  activation  of  exogenous 
Rad53  in  vitro  (Gilbert  et  al.,  2001). 

Rad53  and  other  Chk2  orthologs  are  coupled  to  DNA 
checkpoint  pathways  through  their  FHA  domains  (Sun 
et  al.,  1998;  Bell  et  al.,  1999;  Chehab  et  al.,  2000;  Lee 
and  Chung,  2001).  FHA  domains  are  conserved  modular 
domains  that  bind  specific  phosphopeptides  (Hofmann 
and  Bucher,  1 995;  Sun  et  al.,  1 998;  Durocher  et  al.,  1 999; 
Li  et  al.,  1999;  Liao  et  al.,  1999).  FHA  domains  were  first 
implicated  as  phosphorylation-specific  protein-protein 
binding  domains  in  a  study  of  the  binding  of  Arabidopsis 
thaliana  kinase-associated  protein  phosphatase  (KAPP) 
to  a  receptor-like  kinase  (RLK)  (Stone  et  al.,  1 994).  Rad53 
contains  two  FHA  domains,  which  are  hypothesized  to 
couple  Rad53  to  the  DNA  checkpoint  pathways  (Sun  et 
al.,  1 998).  Both  Rad53  FHA  domains  can  bind  phosphor¬ 
ylated  Rad9  in  vitro  (Sun  et  al.,  1998;  Durocher  et  al., 
1999),  and  mutation  of  conserved  amino  acids  in  the 
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Figure  1.  Mutagenesis  of  Racl9  PIKK  Phosphorylation  Sites 

(A)  Schematic  diagram  of  Rad9;  the  tandem  BRCT  domains  are  boxed,  hash  marks  indicate  the  locations  of  the  fourteen  [S/T|Q  consensus 
PIKK  phosphorylation  sites,  and  the  sequence  describes  ±  two  residues  surrounding  each  [S/T]Q  site. 

(B)  Anti-HA  (top  and  middle)  and  anti-Rad53  (bottom]  immunoblot  analyses  of  anti-Rad9  (top)  and  anti-Rad53  (middle  and  bottom)  immunopre- 
cipitates  from  the  indicated  RAD9  or  rad9  DLY408-derived  strains.  Asynchronous  cultures  were  either  mock  treated  (-)  or  treated  with  0.1  % 
MMS  (+)  for  1  hr. 


second  Rad53  FHA  domain  {FHA2)  disrupts  the  DNA 
damage  checkpoint  pathway  activation  of  Rad53  in  vivo 
(Sun  et  al.,  1 998). 

Phosphopeptide  binding  preferences  of  FHA  domains 
have  been  identified  in  vitro  using  peptide  libraries  (Du- 
rocher  et  al.,  2000;  Liao  et  al.,  2000;  Wang  et  al.,  2000; 
Byeon  et  al.,  2001).  Despite  the  requirement  for  FHA 
domains  in  multiple  signaling  pathways,  including  the 
Rad9/Rad53  interaction,  the  specific  phosphopeptides 
recognized  by  FHA  domains  in  vivo  are  not  known.  We 
report  here  the  identification  of  multiple  PIKK  sites  within 
Rad9  that  are  phosphorylated  in  response  to  DNA  dam¬ 
age  and  are  required  for  the  RAD9-dependent  regulation 
of  Rad53. 

Results 

Identification  of  the  Rad53  Binding  Sites  within  Rad9 
We  had  previously  identified  an  interaction  between 
Rad53  FHA2  and  Rad9  in  a  two-hybrid  assay  (Sun  et 
al.,  1 998).  Deletion  analysis  revealed  that  Rad9  residues 
542-620  are  minimally  required  for  this  interaction  (data 
not  shown).  This  domain  contains  a  single  consensus 
PIKK  phosphorylation  site,  [S/T]Q  (Anderson  and  Lees- 
Miller,  1992;  Kim  et  al.,  1999),  at  Rad9  T603  (Figure 
1A).  Med  phosphorylates  this  site  in  immune-complex 
kinase  assays  (data  not  shown).  Alanine  substitution  or 
deletion  of  Rad9  T603  did  not  eliminate  the  DNA  dam¬ 
age-induced  Rad9  phosphorylation,  coimmunoprecipi- 


tation  of  Rad9  with  Rad53,  or  the  RAD9-dependent  func¬ 
tion  of  the  Gj/M  DNA  damage  checkpoint  arrest  (Figure 
IB,  lanes  1-6,  and  data  not  shown).  Hence,  Rad9  T603 
is  not  essential  for  Rad9  phosphorylation  and  recruit¬ 
ment  of  Rad53. 

To  determine  whether  other  Rad9  [S/TIQ  sites  are 
required  for  DNA  damage-dependent  Rad9  phosphory¬ 
lation  and  its  interaction  with  Rad53,  we  generated  a 
series  of  strains  lacking  Rad9  T603  in  combination  with 
either  alanine  substitutions  or  deletion  of  these  sites 
(Figure  IB,  lanes  7-16).  Of  these  mutations,  only  the 
additional  deletion  of  the  [S/TIQ  cluster  domain  (SCD), 
amino  acids  390-458,  impaired  the  DNA  damage- 
induced  phosphorylation  of  Rad9  (Figure  IB,  lanes 
9-1 0).  Furthermore,  Rad9  and  Rad53  did  not  coimmuno- 
precipitate  in  this  strain,  and  Rad53  phosphorylation 
was  partially  impaired  (Figure  1 B,  lanes  9-1 0).  As  this 
experiment  used  asynchronous  cultures,  the  residual 
Rad53  phosphorylation  observed  was  probably  medi¬ 
ated  by  the  RAD9-independent  DNA  replication  check¬ 
point  pathway.  The  single  deletion  of  Rad9  amino  acids 
390-458  also  abrogated  the  DNA  damage-induced 
phosphorylation  of  Rad9  (Figure  2A). 

Since  deletions  within  Rad9  may  nonspecifically  dis¬ 
rupt  Rad9  function,  we  examined  the  effects  of  alanine 
substitution  at  the  [S/T]Q  sites  within  the  SCD  and  at 
T603.  The  allele  has  alanine  substitutions  at  each 
[S/T|Q  within  the  SCD  (T390,  T398,  T410,  T427,  S435, 
and  T457),  and  the  rad9^^  allele  is  the  racl9^  allele  with 
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Figure  2.  DNA  Damage  Induces  Rad9  Phosphorylation  at  Multiple 
[S7T]Q  Sites 

In  (A)  and  (B),  duplicate  blots  of  TCA  lysates  from  asynchronous 
cultures  of  (A)  DLY408-derived  and  (B)  DLY41 8-derived  strains  were 
immunoblotted  with  anti-HA  (top  panels)  and  anti-phospho-[S/T]Q 
(bottom).  In  (C),  a  blot  of  TCA  lysates  from  cclc15-2  synohronized 
DLY41 8-derived  strains  was  immunoblotted  with  anti-phospho- 
T390  (top  panel)  and  anti-HA  (bottom  panel).  The  bar  to  the  left  of 
the  blots  indicates  the  position  of  the  207  kDa  marker.  Cells  were 
either  mook  treated  (-)  or  treated  with  0.1  %  MMS  (+)  for  1  hr. 


the  additional  alanine  substitution  of  T603.  Compared 
to  wild-type  Rad9,  both  Rad9^’^  and  Rad9®’^  displayed 
severely  reduced  DNA  damage-dependent  electropho¬ 
retic  mobility  shift  (Figure  2B),  indicating  that  these  mu¬ 
tations  eliminate  the  majority  of  Rad9  phosphorylation 
sites  or  otherwise  impair  the  damage-dependent  Rad9 
phosphorylation. 

Multiple  forms  of  DNA  damage  induce  the  MEC1/ 
TEL  7-dependent  phosphorylation  of  Rad9  (Emili,  1998). 
Since  it  is  not  known  whether  these  forms  of  phosphory- 


lated  Rad9  involve  different  combinations  of  phosphory¬ 
lation  sites,  we  examined  the  effect  of  Rad9  SCD  muta¬ 
tions  on  the  mobility  shift  of  Rad9  induced  by  different 
types  of  DNA  damage.  Rad9®’^  was  similarly  impaired 
for  phosphorylation  and  Rad53  coimmunoprecipitation 
induced  by  DNA  damage  from  MMS,  4NQO,  and  UV  and 
ionizing  radiation  (data  not  shown).  Hence,  the  Rad9 
SCD  is  a  major  locus  for  both  Rad9  phosphorylation 
and  interaction  with  Rad53  induced  by  DNA  damage. 

Detection  of  Phosphorylated  Rad9  [S/T]Q  Sites, 
Including  T603  and  SCD  Site  T390 
DNA  damage-dependent  Rad9  phosphorylation  re¬ 
quires  the  PIKKs  Med  or  Tell  (Sun  et  al.,  1998;  Emili, 
1 998;  Vialard  et  al.,  1 998).  Rad9  contains  a  total  of  four¬ 
teen  [S/TIQ  consensus  PIKK  phosphorylation  sites,  in¬ 
cluding  T603  (Figure  1A).  Immunoblot  analysis  with  an 
antibody  that  recognizes  phosphorylated  [S/HQ  sites 
revealed  a  strong  immunoreactive  band  that  is  induced 
by  DNA  damage,  is  eliminated  by  deletion  of  RAD9,  and 
comigrates  with  phosphorylated  Rad9  (Figure  2B,  lanes 
1-4).  According  to  the  manufacturer,  this  antibody  pref¬ 
erentially  recognizes  phospho-[S/T]Q  when  preceded 
by  a  leucine  or  other  hydrophobic  residue.  Thus,  given 
its  context,  Rad9  T603  would  be  an  ideal  binding  sub¬ 
strate  if  phosphorylated.  Indeed,  although  Rad9'^®^^“ 
and  Rad9’^“®^  undergo  apparently  normal  phosphoryla¬ 
tion-dependent  electrophoretic  mobility  shifts,  their 
phospho-[S/T]Q  immunoreactivity  was  significantly  re¬ 
duced  (Figure  2A,  lanes  3-4;  Figure  2B,  lanes  5-6).  This 
residual  phospho-[S/T]Q  immunoreactivity  was  elimi¬ 
nated  with  the  additional  loss  of  the  Rad9  SCD,  but  was 
partially  recovered  in  the  Rad9  mutant  only  for  the  SCD 
(Figure  2A,  lanes  5-8;  Figure  2B,  lanes  7-10).  Together, 
these  data  imply  that  DNA  damage  induces  Rad9  phos¬ 
phorylation  on  multiple  [S/T]Q  sites,  including  T603  and 
other  [S/TjQ  sites  within  the  Rad9  SCD. 

To  further  directly  identify  Rad9  phosphorylation  sites, 
we  generated  and  purified  antibodies  that  specifically 
recognize  phosphorylated  Rad9  T390,  the  first  [S/TjQ 
site  within  the  SCD.  This  site  is  preceded  by  a  serine 
and  thus  is  not  predicted  to  be  strongly  recognized  by 
the  phospho-[S/T]Q  antibody.  Anti-phospho-T390  rec¬ 
ognized  the  slowest  mobility  form  of  phosphorylated 
Rad9  induced  by  DNA  damage  (Figure  2C,  lanes  1-3). 
Immunoreactivity  was  abolished  by  alanine  substitution 
of  T390  but  unaffected  by  substitution  of  other  SCD 
[S/T]Q  sites  orT603  (Figure  2C,  lanes  4-10).  Preincuba¬ 
tion  of  the  phospho-T390  antibody  with  phosphoryiated- 
T390  peptide  (but  not  with  the  nonphosphorylated  pep¬ 
tide)  completely  eliminated  the  immunoreactivity  of 
phosphorylated  Rad9  (data  not  shown).  Thus,  Rad9 
T390  is  another  of  the  Rad9  [S/T|Q  sites  that  are  phos¬ 
phorylated  in  response  to  DNA  damage. 

Redundant  Function  of  Individuai  [S/T]Q  Sites 
within  the  Rad9  SCD 

We  evaluated  the  effects  of  single  alanine  substitutions 
within  the  Rad9  SCD  to  determine  whether  a  single  site 
within  the  Rad9  SCD  has  a  dominant  role  in  the  phos¬ 
phorylation  of  Rad9  and  the  interaction  of  Rad9  with 
Rad53.  In  these  and  subsequent  experiments,  activation 
of  the  DNA  replication  checkpoint  pathway  was  avoided 
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Figure  3.  The  Rad9  SCO  Is  Required  for  the  Phosphorylation  and 
Interaction  of  Rad9  and  Rad53 

In  (A)  and  (B),  anti-HA  (top  and  middle  panels)  and  anti-Rad53  (bot¬ 
tom  panel)  immunoblot  analyses  of  anfi-Rad9  (top  panel)  and  anti- 
Rad53  (middle  panel)  immunoprecipitates  and  corresponding  ly¬ 
sates  (bottom  panel)  from  the  indicated  RAD9  or  rad9  strains.  Cells 
were  synchronized  in  telophase  at  the  cdc15-2  arrest  point  and 
either  mock  treated  (-)  or  treated  with  0.1  %  MMS  (+)  for  1  hr.  The 
DLY41 8-derived  strains  carry  a  plasmid  encoding  RAD9,  rad9^,  (A) 
alanine  substitutions  of  individual  [S/T]Q  sites  within  the  Rad9  SCD, 
or  (B)  rad9'*",  and  rad9^  strains  with  single  wild-type  residues  re¬ 
stored. 


by  synchronization  of  cells  in  telophase  using  the  condi¬ 
tional  cdc15-2  allele  (Futcher,  1 999),  thus  allowing  evalu¬ 
ation  of  Rad53  phosphorylation  solely  dependent  on 
RAD9.  Similar  to  the  alanine  substitution  of  Rad9  T603, 
substitution  of  single  [S/T]Q  sites  within  the  SCD  had 
little  impact  on  the  DNA  damage-induced  phosphoryla¬ 
tion  of  Rad9,  coimmunoprecipitation  of  Rad9  with 
Rad53,  or  Rad53  phosphorylation  (Figure  3A).  Single 
mutation  of  the  Rad9  SCD  sites  also  had  little  impact 
on  the  phospho-[S/T]Q  immunoreactivity  of  phosphory- 
lated  Rad9  (data  not  shown).  Since  simultaneous  substi¬ 
tution  of  all  six  SCD  sites  does  inactivate  these  functions 
(Figure  3A,  lane  4),  these  data  suggest  that  multiple 
SCD  sites  are  phosphorylated  and  that  Rad53  interacts 
redundantly  with  some  or  all  of  these  sites. 

Rad53  specifically  interacts  with  phosphorylated 
Rad9  (Sun  et  al.,  1998;  Emili,  1998).  To  characterize  the 
ability  of  single  Rad9  SCD  sites  to  support  this  interac¬ 
tion,  we  restored  single  [S/TJC  residues  in  the  Rad9®’'* 


SCD.  Reintroduction  of  a  wild-type  residue  at  Rad9  S435 
best,  although  incompletely,  restored  the  DNA  damage- 
induced  slower  mobility  forms  of  Rad9  but  only  modestly 
rescued  coimmunoprecipitation  with  Rad53  and  Rad53 
phosphorylation  (Figure  3B,  lane  10).  By  contrast,  rein¬ 
troduction  of  Rad9  T390  moderately  restored  the  DNA 
damage-induced  slower  mobility  forms  and  also  the  in¬ 
teraction  of  Rad9  and  Rad53  (Figure  3B,  lane  6).  No 
single  Rad9  cluster  add-back  allele  fully  restored  the 
checkpoint-induced  phosphorylation  or  coimmuno¬ 
precipitation  of  Rad9  and  Rad53.  Thus,  multiple  Rad9 
SCD  phosphorylation  sites  act  in  an  additive  or  coopera¬ 
tive  manner  to  recruit  Rad53. 

Rad53  FHA  Domains  Bind  Phosphorylated 
Rad9  T390  In  Vitro 

The  ability  of  Rad9®**  T390  to  restore  a  significant  pro¬ 
portion  of  the  Rad9  interaction  with  Rad53  implies  that 
T390  is  a  major  in  vivo  functional  site  for  Rad53  binding. 
To  confirm  that  Rad53  binds  directly  to  Rad9  T390  in  a 
phosphorylation-dependent  manner,  we  measured  the 
increase  of  surface  plasmon  resonance  (SPR)  caused 
by  binding  of  soluble,  bacterially  produced  Rad53  FHA 
domains  to  synthetic  Rad9  T390  peptides  immobilized  on 
a  BIAcore  sensor  chip.  Rad53  FHA1  specifically  interacted 
with  the  phosphorylated  Rad9  T390  peptide  (P-T390)  (Fig¬ 
ure  4A,  middle  versus  left  panel).  Mutation  of  two  con¬ 
served  FHA  domain  residues  abolished  the  binding  of 
the  Rad53  FHA1  protein  to  the  phosphorylated  T390 
peptide  (Figure  4A,  right  panel).  Similar  to  FHA1,  GST- 
Rad53  FHA2  preferentially  bound  the  phosphorylated 
Rad9  T390  (Figure  4B,  middle  versus  left  panel),  demon¬ 
strating  an  affinity  lost  upon  substitution  of  conserved 
FHA2  residues  (Figure  4B,  right  panel).  On  average, 
Rad53  FHA1  bound  the  phosphorylated  Rad9T390  pep¬ 
tide  with  an  apparent  Kq  of  2.5  ti.M  (s  =  0.3,  n  =  six 
experiments),  and  GST-Rad53  FHA2  bound  with  an  ap¬ 
parent  Kd  of  1 .4  p.M  (s  =  0.3,  n  =  three  experiments). 
These  affinities  are  within  the  general  range  of  those 
reported  for  FHA  domain-phosphopeptide  binding  (Du- 
rocher  et  al.,  1 999;  Li  etal.,  1999;  Liaoetal.,  1999, 2000; 
Durocher  et  al.,  2000;  Wang  et  al.,  2000;  Byeon  et  al., 
2001).  However,  the  observed  affinity  of  GST-FHA2  may 
have  been  artificially  increased  due  to  the  ability  of  GST 
to  homodimerize  (Ladbury  et  al.,  1 995).  In  addition,  SPR- 
based  determination  of  FHA  domain  binding  affinity  has 
been  demonstrated  to  overestimate  Ko  by  as  much  as 
20-fold,  as  compared  to  binding  affinity  determined  by 
isothermai  calorimetry  (Durocher  et  al.,  1999). 

In  a  filter  binding  assay  with  immobilized  synthetic 
peptides,  GST-Rad53  FHA2  aiso  preferentially  bound 
the  phosphorylated  form  of  a  Rad9  T603  peptide  (data 
not  shown).  In  a  recent  study  of  Rad53  FHA2  binding 
Rad9  phosphothreonine  peptides  that  fit  a  Txx[l/L]  con¬ 
sensus,  Rad53  FHA2  bound  a  phospho-T603  peptide 
with  a  Kd  of  1 2.9  (xM  (Byeon  et  al.,  2001).  Taken  together, 
these  results  show  that  the  Rad53  FHA  domains  can 
directly  and  specifically  bind  Rad9  phosphopeptides 
containing  physioiogical  PIKK  phosphorylation  sites. 

Rad9  Phosphorylation  Sites  Are  Required 

for  the  Survival  of  Genotoxic  Stress 

Survival  of  genotoxic  stress  requires  the  activities  of  the 

DNA  checkpoint  pathways,  as  well  as  the  DNA  repair 
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Figure  4.  Phosphorylation-Dependent  Binding  of  Rad53  FHA  Domains  to  Rad9  T390  In  Vitro 

Synthetic  peptides  containing  Rad9  amino  acids  382-397,  either  nonphosphorylated  (T390)  or  phosphorylated  (P-T390)  at  T390,  were  biotinyl¬ 
ated  and  coated  onto  a  BIAcore  sensor  chip.  The  sensorgrams  indicate  binding  measured  by  an  increase  in  surface  plasmon  resonance 
during  analyte  flow  over  the  chip  surface,  with  the  nonspecific  signal  from  the  biotin-only  surface  subtracted. 

(A)  Concentrations  of  0.1-4.8  (ilVI  of  bacterially  produced  Rad53  FHA1  (left  and  middle)  or  Rad53  FHA1  with  mutations  in  conserved  FHA 
domain  residues  (right)  were  flowed  across  the  nonphosphorylated  (left)  and  phosphorylated  (middle  and  right)  Rad9  T390  peptide  surfaces. 

(B)  Concentrations  of  0.1 9-4.9  p,M  of  bacterially  produced  GST-Rad53  FHA2  (left  and  middle)  or  GST-Rad53  FHA2  with  mutations  in  conserved 
FHA  domain  residues  (right)  were  flowed  across  the  nonphosphorylated  (left)  and  phosphorylated  (middle  and  right)  Rad9  T390  peptide 
surfaces.  The  low  level  of  peptide-  and  FHA  domain-independent  resonance  observed  in  (B)  was  specific  to  that  sensor  chip,  since  it  was 
not  seen  when  the  same  GST-FHA2  preparation  was  flowed  over  the  sensor  chip  used  in  (A). 


systems.  Rad9  is  involved  in  both  signaling  through  the 
DNA  damage  checkpoint  pathway  and  DNA  repair,  such 
that  loss  of  RAD9  decreases  the  viability  of  cells  chal¬ 
lenged  with  DNA  damage  (Weinert  and  Hartwell,  1988, 
1990;  Terleth  et  al.,  1990;  de  laTorre-Ruiz  and  Lowndes, 
2000).  Therefore,  we  determined  whether  DNA  damage- 
induced  Rad9  phosphorylation  sites  are  required  for 
Rad9  function  in  response  to  a  variety  of  genotoxic 
stresses. 

Cdcl  3  is  a  telomere-associated  protein  required  for 
the  maintenance  of  chromosome  ends  (Garvik  et  al., 
1995;  Nugent  et  al.,  1996;  Lin  and  Zakian,  1996).  At 
elevated  temperatures,  cells  bearing  the  temperature- 
sensitive  cdc13-1  allele  exhibit  a  rapid  loss  of  viability 
(Weinert  et  al.,  1 994).  Cells  bearing  rad9”^  were  compro¬ 
mised  for  survival  at  37°C  in  a  cdc13-1  background, 
nearly  as  severely  as  a  rad9^.  strain  (Figure  5A).  The 
cdc13-1  rad9^’^  strain  demonstrated  an  intermediate 
loss  of  viability,  suggesting  that  Rad9  T603  supports  a 
moderate  level  of  Rad9  function  in  vivo.  Consistent  with 
their  partial  recovery  of  Rad53  phosphorylation,  cdc13-1 
cells  are  more  viable  at  37°C  than  the  cdc13-1 
rad9^’‘^  strain  (Figure  5A). 

The  absence  of  Rad9  phosphorylation  sites  in  rad9^’^ 
cells  also  reduced  survival  of  UV  irradiation,  but  this 
loss  of  viability  was  less  than  that  associated  with  the 
loss  of  RAD9  (Figure  5B,  right  panels).  Interestingly,  the 
rad9^^  strain  demonstrated  a  loss  of  viability  ap¬ 
proaching  that  of  a  rad9A  strain  when  grown  on  media 
containing  MMS  (Figure  5B,  left  panels),  suggesting  that 
the  Rad9  [S/T]Q  phosphorylation  sites  play  a  greater 


role  in  the  F?AD9-dependent  survival  of  MMS-derived 
DNA  damage  than  in  the  survival  of  UV  irradiation. 

Survival  of  replication  block  due  to  hydroxyurea  (HU) 
treatment  is  normally  RAD9  independent  and  involves 
the  activation  of  Rad53  through  the  DNA  replication 
checkpoint  pathway  (Weinert  et  al.,  1994;  Allen  et  al., 
1994;  Navas  et  al.,  1996).  However,  if  the  replication 
checkpoint  pathway  is  compromised,  such  as  in  a  foflA 
mutant,  Rad53  regulation  and  HU  survival  involves  sig¬ 
naling  through  Rad9  (Navas  et  al.,  1996;  Foss,  2001). 
Therefore,  we  determined  the  effect  of  the  loss  of  Rad9 
[S/T|Q  phosphorylation  sites  on  HU  survival  in  a  foffA 
strain.  As  expected,  wild-type,  rad9A,  and  radd’^  strains 
were  similarly  viable  when  grown  on  HU-containing  me¬ 
dia  (Figure  5C).  The  tof1A  mutant  was  slightly  impaired 
for  viability,  and  the  tof1A  rad9A  double  mutant  was 
very  sensitive  to  HU  (Figure  5C).  The  tof1  A  rad9^‘‘^  strain 
was  nearly  as  sensitive  as  the  tof1  A  rad9A  strain,  indicat¬ 
ing  a  strong  requirement  for  Rad9  [S/T]Q  phosphoryla¬ 
tion  sites  for  the  survival  of  HU  treatment  when  the 
replication  checkpoint  pathway  is  impaired. 

G2/M  DNA  Damage  Checkpoint  Arrest 
in  Rad9  [S/T]Q  Mutants 

At  elevated  temperatures,  cdc13-1  strains  accumulate 
telomeric  single-stranded  DNA  that  induces  a  strong 
RAD9-dependent  cell  cycle  arrest  at  G2/IVI  (Weinert  and 
Hartwell,  1993;  Lydall  and  Weinert,  1995;  Garvik  et  al., 
1995).  Rad53  and  Chki  act  in  parallel  downstream  of 
Rad9  to  enforce  this  arrest,  such  that  rad53  or  chki 
cells  have  a  partial  delay  and  are  unable  to  maintain  the 
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Figure  5.  Genotoxin  Sensitivity  of  rad9  [S/T|Q 
Mutants 

(A)  Log-phase  cultures  of  1588-4C-derived 
odd 3-1  strains  expressing  the  indicated 
forms  of  RadO  were  shifted  to  37’C,  and  their 
viability  was  measured  as  the  number  of  col¬ 
ony-forming  units  when  plated  at  permissive 
temperature.  Error  bars  indicate  ±  the  stan¬ 
dard  deviation  between  two  matched  strains. 
(B  and  C)  Serial  4-fold  dilutions  of  the  (B) 
1 588-4C-derived  rad9\  or  (C)  U960-5C- 
derived  rad9\  and  rad9A  tof1\  strains  car¬ 
rying  plasmids  to  generate  the  illustrated 
genotypes  were  spotted  onto  plates  either 
untreated,  UV  irradiated,  containing  MMS, 
or  containing  HU  as  indicated.  The  lethality 
of  rad531  in  U960-5C-derived  strains  is  sup¬ 
pressed  by  sm/J-f. 
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Gj/M  cell  cycle  arrest  (Sun  et  al.,  1 998;  Gardner  et  al., 
1 999;  Sanchez  et  al.,  1 999;  Liu  et  al.,  2000).  To  determine 
the  relationship  of  Rad9  phosphorylation  sites  required 
for  Rad53  activation  with  the  functionality  of  the  DNA 
damage  checkpoint  pathway,  we  ascertained  the  effect 
of  Rad9  [S/T]Q  mutations  on  the  Gj/M  arrest  in  cdc13-1 
cells.  Similar  to  rad53  cells,  rad^  and  rad9™  cells 
transiently  delayed  prior  to  anaphase,  but  eventually 
escaped  into  telophase  (Figure  6A).  The  radd’xx  defect 
was  consistently  slightly  more  severe  than  the  radSA^x 
defect,  demonstrating  that  Rad9  T603  partially  contrib¬ 
utes  to  the  function  of  Rad9  in  maintaining  the  G2/M  DNA 
damage  checkpoint  arrest.  Consistent  with  the  ability  of 
the  T390  add-back  mutant  to  significantly  restore  the 
DNA  damage-induced  interaction  of  Rad9  with  Rad53, 
reintroduction  of  Rad9  T390,  or,  less  effectively,  S435,  to 
rad9^  partially  restored  G2/M  arrest  (Figure  6B).  These 
rescues  were  intermediate,  suggesting  that  the  regula¬ 
tion  of  Rad53  by  multiply  phosphorylated  Rad9  is  re¬ 


quired  for  the  full  action  of  the  RAD53-dependent  G2/M 
DNA  damage  checkpoint. 

Rad9  [S/T]Q  Mutants  Retain  Regulation  of  Chk1 
RAD9  is  required  for  the  DNA  damage-induced  phos¬ 
phorylation  of  Chk1 ,  and  Rad9  interacts  with  Chki  in  a 
yeast  two-hybrid  assay  (Sanchez  et  al.,  1999),  sug¬ 
gesting  that  Rad9  may  also  directly  recruit  Chki  to  the 
DNA  damage  checkpoint  pathway.  Therefore,  we  deter¬ 
mined  whether  the  DNA  damage-induced  phosphoryla¬ 
tion  of  Chki  is  intact  in  radg^^x  cells.  As  expected,  the 
DNA  damage-dependent  phosphorylation  of  Rad53  and 
Chki  was  absent  in  arad9A  strain,  and  Rad53  phosphor¬ 
ylation  was  abrogated  in  rad9^xx  ^gUg  (Figure  7).  How¬ 
ever,  the  damage-dependent  phosphorylation  of  Chki 
was  not  lost  in  the  radg^^x  strain  (Figure  7,  lanes  5-6). 
These  data  indicate  that  the  major  DNA  damage- 
induced  Rad9  phosphorylation  sites  are  not  essential 
for  the  regulation  of  Chki  by  Rad9. 
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Figure  6.  Rad9  Phosphorylation  Sites  Are 
Required  for  the  G2/M  DNA  Damage  Check¬ 
point  Arrest 

The  ability  of  the  DNA  damage  checkpoint 
pathway  to  enforce  the  G2/M  arrest  as  pre¬ 
anaphase  cell  in  the  face  of  DNA  damage 
from  cdc13-1  was  assessed  in  the  indicated 
DLY408-derived  strains. 

(A)  Comparison  of  Rad9  phosphorylation  site 
mutants  to  wild-type,  rad9A,  and  rad53-11. 

(B)  Comparison  of  Rad9  SCD  mutants  bear¬ 
ing  single  intact  SCD  sites  at  T390  or  S435 
to  rad9^. 

(C)  Comparison  of  rad53A  or  chk1A  to  the 
double  rad53A  rad9^^  or  chk1A  rad9^‘^  mu¬ 
tants.  The  lethality  of  rad53A  in  these  cells 
was  suppressed  by  deletion  of  SML1. 


Rad53  and  Chki  both  act  to  enforce  the  G2/M  check¬ 
point  arrest  (Sun  et  al.,  1998;  Gardner  et  al.,  1999;  San¬ 
chez  et  al.,  1 999;  Liu  et  al.,  2000).  Thus,  the  intermediate 
G2/M  checkpoint  arrest  defect  in  the  rad9^’^  cells  (Figure 
6A)  could  be  due  to  disruption  of  either  Rad53  or  Chki 
function.  To  confirm  that  the  G2/M  arrest  defect  in  the 
rad9^^  cells  reflects  the  failure  of  the  DNA  damage 
checkpoint  pathway  in  coupling  to  Rad53  rather  than 
Chki ,  we  determined  the  effect  of  the  radO^"^  mutation 
in  chki  A  and  rad53A  cells.  radSSA  rad9^^  cells  were  as 
defective  in  the  G2/M  DNA  damage  checkpoint  arrest 
as  rad53A  cells,  suggesting  that  the  two  mutations  dis¬ 
rupt  the  same  pathway  (Figure  6C).  By  contrast,  chki  A 
rad9^’^  cells  were  less  competent  for  the  function  of  the 
G2/M  checkpoint  arrest  than  chki  A  cells  (Figure  6C), 
suggesting  that  Chki  and  the  Rad9  phosphorylation 
sites  function  in  separate  pathways.  This  is  consistent 
with  the  observation  that  loss  of  the  Rad9  phosphoryla¬ 
tion  sites  disrupts  the  RAD9-dependent  phosphoryla¬ 
tion  of  Rad53  and  not  Chki . 

Discussion 

Site-directed  mutagenesis  identified  a  requirement  for 
Rad9  [S/T|Q  sites  in  the  DNA  damage-induced  Rad9 
phosphorylation  and  interaction  with  Rad53.  Western 


blot  analysis  with  phosphorylation-specific  antibodies 
directly  implicated  specific  Rad9  [SAHQ  residues  as 
physiological  DNA  damage-induced  phosphorylation 
sites,  and  these  Rad9  [S/T|Q  phosphopeptides  are 
bound  by  Rad53  FHA  domains  in  vitro.  Rad9  phosphory¬ 
lation  site  mutants  are  partially  defective  for  genotoxin 
survival  and  function  of  the  G2/M  checkpoint  arrest  in  a 
manner  consistent  with  dysfunction  of  the  Rad53  ef¬ 
fector  pathway.  These  defects  caused  by  Rad9  mutation 
are  specific  for  its  role  in  Rad53  regulation,  since  they 
have  little  effect  on  the  phosphorylation  and  function 
of  Chki . 

Rad53  FHA  Domain  Binding  Sites  within  Rad9 
Prior  analyses  of  the  phosphopeptide  binding  properties 
of  FHA  domains  were  performed  exclusively  in  vitro  us¬ 
ing  phosphopeptides  of  unknown  physiological  rele¬ 
vance  (Durocher  et  al.,  1999,  2000;  Liao  et  al.,  2000; 
Byeon  et  al.,  2001 ).  Studies  of  Rad53  FHA  domains  bind¬ 
ing  to  peptide  libraries  determined  that  Rad53  FHA1 
prefers  phosphothreonine  followed  by  aspartate  at 
the  +3  position,  while  Rad53  FHA2  prefers  phos¬ 
phothreonine  followed  by  isoleucine  or  leucine  at  -i-3 
(Durocher  et  al.,  1999,  2000;  Liao  et  al.,  2000;  Byeon  et 
al.,  2001 ).  Rad9  T390,  the  individual  Rad9  SCD  site  which 
best  supports  the  Rad9  interaction  with  Rad53  in  vivo. 
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Figure  7.  Chki  Phosphorylation  Is  Not  Disrupted  in  a  Rad9  SCD 
Mutant 

Immunoprecipitation  and  immunoblot  analyses  of  anti-Rad9  (top), 
anti-Rad53  (middle),  and  anti-myc  (bottom)  from  DLY418-derived 
strains  expressing  the  indicated  forms  of  Rad9.  Cells  were  synchro¬ 
nized  in  telophase  at  the  cdc15-2  arrest  point  and  either  mock 
treated  (-)  or  treated  with  0.1  %  MMS  (+)  for  1  hr. 


is  followed  by  valine  at  -t-  3  and  thus  precisely  fits  neither 
of  these  preferred  patterns.  However,  both  Rad53  FHA 
domains  have  a  weaker  general  selectivity  for  a  hy¬ 
drophobic  residue  at  -1-3  (Durocher  et  al.,  2000;  Byeon 
et  al.,  2001),  which  is  consistent  with  Rad9  T390.  Four 
of  the  five  TQ  sites  within  the  Rad9  SCD  and  six  of  the 
nine  total  TQ  sites  within  Rad9,  including  T603,  have 
isoleucine,  leucine,  or  valine  residues  at  the  -1-3  position. 
The  identification  of  phosphorylated  Rad9  [S/T]Q  sites 
as  in  vivo  binding  targets  for  the  Rad53  FHA  domains 
is  in  agreement  with  the  prediction  that  Mecl/Tell  phos¬ 
phorylation  sites  within  Rad9  are  required  for  its  interac¬ 
tion  with  Rad53. 

Rad9  [S/T]Q  Phosphorylation  Sites  Regulate 
Rad53  Activation 

Single  mutation  of  Rad9  [S/T]Q  sites  did  not  have  a 
significant  effect  on  the  mobility  shift  of  phosphorylated 
Rad9  or  on  the  interaction  of  phosphorylated  Rad9  with 
Rad53.  Multiple  substitutions  of  these  sites,  however, 
revealed  their  requirement  for  Rad9  phosphorylation 
and  regulation  of  Rad53.  Moreover,  individual  sites 
within  the  Rad9  SCD  are  able  to  support  partial  levels 
of  Rad9  phosphorylation  and  interaction  with  Rad53, 
but  no  single  site  accounts  for  all  of  either  function. 
These  data  imply  that  multiple  Rad9  [S/T]Q  phosphory¬ 
lation  sites  together  mediate  the  interaction  of  Rad9  with 
Rad53. 

The  CDK  inhibitor  Sid  is  phosphorylated  at  multiple 
CDK  consensus  sites.  Individually,  these  sites  constitute 
only  moderate-affinity  Cdc4  binding  sites,  but  these 
phosphorylation  sites  act  in  concert  to  target  Sid  for 
Cdc4-mecliated  degradation  once  a  threshold  of  Sid 
phosphorylation  is  achieved  (Nash  et  al.,  2001).  Simi¬ 
larly,  multiple  phosphorylation  of  [SARQ  sites  within 
Rad9  may  together  act  to  achieve  a  threshold  of  Rad53 


binding  required  to  induce  its  phosphorylation  and  acti¬ 
vation.  This  activation  could  be  achieved  both  through 
the  transphosphorylation  of  Rad53  by  Mecl/Tell  and 
through  the  concentration-dependent  transphosphory¬ 
lation  of  Rad53  by  Rad53  (Gilbert  et  al.,  2001). 

Rad53  is  itself  potentially  bivalent  for  interactions  with 
Rad9,  since  both  Rad53  FHA  domains  bind  phosphory¬ 
lated  Rad9  (Sun  et  al.,  1998;  Durocher  et  al.,  1999),  and 
both  FHA  domains  bind  Rad9  phosphopeptides  in  vitro. 
Hence,  multivalent  interactions  between  multiply  phos¬ 
phorylated  Rad9  and  bivalent  Rad53  may  stabilize  the 
Rad9-Rad53  interaction.  The  contact  of  an  FHA  domain 
to  a  phosphopeptide  directly  involves  at  least  six  resi¬ 
dues  encompassing  the  phosphorylation  site  (Durocher 
et  al.,  2000).  Considering  that  the  six  Rad9  SCD  sites 
are  spread  over  69  amino  acids,  a  single  Rad9  SCD  may 
engage  with  multiple  Rad53  FHA  domains.  Furthermore, 
both  Rad9  (Soulier  and  Lowndes,  1 999)  and  Rad53  (Z.S. 
and  D.F.S.,  unpublished  data)  are  capable  of  homotypic 
interactions.  Taken  together,  these  intricate  interactions 
may  contribute  to  aggregation  of  oligomeric  checkpoint 
complexes.  Through  the  accumulation  of  these  com¬ 
plexes,  the  ability  of  Rad53  and  similarly  its  mammalian 
homoiog,  Chk2,  to  self-associate  and  activate  may  ac¬ 
celerate  a  positive  feedback  loop  promoting  the  activa¬ 
tion  of  DNA  damage  checkpoint  effectors  (Gilbert  et  al., 
2001;  Xu  et  al.,  2002;  Ahn  et  al.,  2002). 

Rad9  participates  in  a  number  of  DNA  damage  check¬ 
point  pathway-mediated  responses  to  DNA  damage  (re¬ 
viewed  in  Lowndes  and  Murguia,  2000),  including  the 
regulation  of  Chki  phosphorylation  (Sanchez  et  al., 
1 999).  Mutation  of  the  Rad9  [S/f]Q  phosphorylation  sites 
does  not  abolish  the  phosphorylation  or  function  of 
Chki .  Thus,  the  domains  within  Rad9  essential  for  the 
regulation  of  Rad53  and  Chki  are  functionally  separable, 
and  the  mechanism  of  regulation  of  Chki  by  Rad9  re¬ 
mains  to  be  determined.  The  fact  that  the  major  damage- 
induced  Rad9  phosphoryiation  sites  are  dispensable  for 
the  regulation  of  Chki  correlates  with  the  lack  of  recog¬ 
nizable  phosphorylation-dependent  interaction  do¬ 
mains,  such  as  an  FHA  domain,  within  Chki . 

SCDs  as  Targets  of  DNA  Checkpoint 
Phosphorylation  and  Interaction 
Individual  SQ  or  TQ  dipeptides  are  fairly  common  in 
polypeptide  sequences,  theoretically  occurring  approxi¬ 
mately  once  every  200  or  so  residues.  However,  clusters 
of  [S/T]Q  sites  are  readiiy  recognizable  in  a  handful  of 
known  DNA  checkpoint  or  replication  proteins.  A  pat¬ 
tern-based  search  for  SCD  of  at  least  five  [S/T]Q  sites 
separated  by  no  more  than  35  amino  acids  identified 
roughly  1  %  of  the  human,  murine,  or  budding  yeast 
PROSITE  database.  Of  these,  10%  are  readily  recogniz¬ 
able  as  DNA  checkpoint  proteins,  including  human  and/ 
or  murine  Atm,  DNA-PKcs,  Brcal,  Brca2,  Chk2,  and 
Mdm2,  and  yeast  Rad9,  Rad53,  and  Chki .  Experimental 
evidence  already  suggests  that  the  SCDs  in  Brcal, 
Chk2,  and  Mdm2  are  targets  for  phosphorylation  by 
PIKKs  (Cortez  et  al.,  1999;  Sanchez  et  al.,  1999;  de  To¬ 
ledo  et  al.,  2000;  Matsuoka  et  al.,  2000;  Melchionna  et 
al.,  2000;  Wakayama  et  al.,  2001).  Within  the  group  of 
proteins  identified  by  the  PROSITE  pattern  search,  the 
mammalian  DNA-PKcs  and  yeast  Rad9,  Rad53,  and 
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Chki  SCDs  are  notably  rich  in  TQ  residues.  Since  FHA 
domains  have  a  strong  binding  preference  for  phos- 
phothreonine  over  phosphoserine  (Durocher  et  al.,  1 999) 
and  since  the  threonine-rich  Rad9  SCD  is  a  binding  site 
for  Rad53  FHA  domains,  TQ-rich  clusters  may  often  be 
PIKK-dependent  FHA  domain  binding  sites,  it  remains 
to  be  determined  whether  phosphorylated  SCDs  in  pro¬ 
teins  other  than  Rad9  similarly  mediate  FHA  domain 
interactions  or  serve  other  regulatory  functions. 

Interactions  between  phosphorylated  Rad9  and 
Rad53  are  a  prototype  for  assembly  of  DMA  damage- 
dependent  checkpoint  complexes.  Two  important,  un¬ 
anticipated  features  of  these  compiexes  are  the  invoive- 
ment  of  an  intermediary  adaptor  protein  for  functional 
connection  of  a  PIKK  with  a  substrate  and  the  PiKK 
phosphorylation  dependence  of  that  interaction.  These 
features,  and  the  potential  multivalency  of  these  interac¬ 
tions,  may  be  common  vehicies  for  the  rapid  assembiy 
of  focal  eukaryotic  checkpoint  compiexes  at  sites  of 
DNA  damage. 

Experimental  Procedures 
Plasmids 

For  pRS306  rad9™“''  and  pRS306  the  mutations  were  intro¬ 

duced  by  PCR  into  the  Spel-Hindlll  internal  RAD9  fragment  cloned 
into  the  same  sites  of  pRS306.  To  construct  pRS306  RADSP'"^,  the 
FLAG-tag  of  pRS314G  RADff"'^^  (Sun  et  al.,  1998)  was  replaced  with 
a  3xHA  tag  followed  by  ~500  bp  of  RAD9  3'  UTR,  and  the  Munl- 
Saoll  fragment  was  cloned  Into  pRS306.  pRS31 6  RAD9^^'^  was  con¬ 
structed  by  replacing  the  Munl-Sacll  fragment  of  pRS31 6  RAD9''“° 
(Sun  et  al.,  1 998)  with  the  Munl-Sacll  from  pRS306  flAD9»‘«\  pRS306 
racl9^  was  created  by  replacing  the  RAD9  coding  sequence  in  the 
Xhol-Smal  fragment  of  pRS306  RADS*'™  with  ~1 .17  kb  of  RAD9  5' 
UTR.  To  create  CH/ff the  CHKI  ORF  and  surrounding  UTR  was 
isolated  by  PCR  and  cloned  into  pBSKII*.  The  Smal-Spel  fragment 
encoding  the  1 3xmyc  tag  from  pFA6a-1 3myc-His3MX6  (Longtine  et 
al.,  1998)  was  inserted  into  equivalent  sites  created  by  PCR  at  the 
3'  endoftheCHfCf  ORF.  The  entire  CHKI”'"”*  locus  was  then  cloned 
into  pRS315.  For  the  GST-FHA1  expression  construct,  RAD53  en¬ 
coding  amino  acids  1-197  were  amplified  by  PCR  and  cloned  into 
pGEX4T3.  The  alanine  substitutions  of  the  conserved  FHA  domain 
residues  at  R70  and  N1 07  were  introduced  by  PCR.  The  GST-Rad53 
FHA2  fusion  proteins  were  described  previously  (Sun  et  al.,  1998). 

Strains 

DLY408  (cdc13-1  cdc1S-2),  DLY409  (cdc13-1  cdc15-2  rad9::HIS3), 
DLY41 8  {cdc15-2),  and  DLY554  {cdc13-1  cdc15-2rad53-21)  are  from 
the  Weinert  laboratory  (Gardner  et  al.,  1999;  Lydall  and  Weinert, 
1997).  1588-4C  and  U960-5C  {sml1-1  rad53-XB::HIS3)  are  from  the 
Rothstein  laboratory  (Zhao  et  al.,  1 998).  These  strains  are  in  a  W303 
background. 

The  initial  rad9™''  and  rad9‘^^^~^  mutations  were  engineered  into 
DLY408  by  two-step  allele  replacement  with  the  appropriate  pRS306 
constructs.  pRS306  RAD9^''™  was  used  to  epitope  tag  RAD9  in 
DLY408.  For  the  site-directed  mutagenesis  of  Rad9  [S/T]Q  sites, 
PCR  cassettes  containing  the  different  mutations  were  used  to  re¬ 
place  the  corresponding  sequence  in  a  racf9™^“  strain  by  two- 
step  allele  replacement  (Erdeniz  et  al.,  1997).  pRS306  rad9\  was 
used  to  delete  RAD9  in  1588-4C  and  DLY408,  and  cdc13-1  was 
subsequently  introduced  into  1588-4C  rad9\  with  the  plasmid 
pDL420  (Weinert  laboratory).  To  construct  DLY408  rad53\  strains, 
SML1  was  first  replaced  with  a  sm/7;;TRP7  cassette  PCR  amplified 
from  U973  {sml1::TRP1  esr1-1,  Rothstein  laboratory).  RAD53  was 
then  replaced  with  a  rad53::HIS3  PCR  cassette  that  targets  the 
precise  removal  of  the  RAD53  ORF.  CHKI  and  TOF1  ORFs  in  DLY408 
and  U960-5C,  respectively,  were  replaced  with  kan"  cassettes  PCR 
amplified  from  the  corresponding  deletion  strains  (Research  Ge¬ 
netics). 

Drop-out  media  was  purchased  from  Bufferad.  Synthetic  and  rich 


media  were  typically  supplemented  with  adenine  to  47.5  mg/I.  For 
immunoblot  analyses,  cultures  were  grown  to  early/mid-log  phase. 
For  odd 5-2  synchronization,  early-log  cultures  were  shifted  to  37°C 
for  3  hr.  Cultures  were  mock  treated  or  treated  with  0.1  %  MMS 
(Sigma)  for  1  hr,  washed,  and  either  lysed  immediately  or  frozen  in 
liquid  nitrogen  and  stored  at  -80°C. 

Immunoprecipitations  and  Immunoblotting 
Immunoprecipitations  and  anti-Rad53  Western  blotting  were  as  pre¬ 
viously  described  (Sun  et  al.,  1998).  In  brief,  lysates  were  prepared 
by  mechanical  disruption  in  TG  (PBS  +  1%  Triton  X-100, 10%  glyc¬ 
erol,  and  phosphatase  and  protease  inhibitors  [Roche  and  Sigma]). 
1-2.5  mg  of  lysate  was  used  per  immunoprecipitation  with  rabbit 
anti-Rad53  serum,  rabbit  anti-Rad9  serum  (G.  Liu,  M.F.S.,  and 
D.F.S.,  unpublished  data),  mouse  anti-myc  monoclonal  9E10  (Co- 
vance),  or  control  antibodies.  TCA  lysates  were  prepared  as  de¬ 
scribed  (Foiani  et  al.,  1 999),  with  minor  volume  adjustments.  Lysates 
and  immunoprecipitations  were  resolved  on  6%  or  7.5%  polyacryl¬ 
amide  gels  prior  to  transfer  to  Immobilon-P  (Millipore). 

Rad9“''  was  detected  in  immunoblot  analysis  with  HRP-conju- 
gated  rat  anti-HA  monoclonal  3F1 0  (Roche),  Rad53  with  rabbit  anti- 
Rad53  serum  or  a  goat  anti-Rad53  antibody  (Santa  Cruz),  and 
Chkl^xmye  HRP-conjugated  9E10  (Santa  Cruz).  The  rabbit  anti- 
phospho-[S/T|Q  antibody  was  used  as  per  manufacturer’s  sugges¬ 
tions  (Cell  Signaling  Technology).  Polyclonal  rabbit  antibody  against 
Rad9  phospho-T390  was  generated  and  purified  as  described  (DiGi- 
ovanna  et  al.,  1998)  using  the  T390  phosphopeptide  KSNRST'QIVN 
as  antigen  and  nonphosphorylated  and  phosphorylated  forms  of 
the  peptide  TENNSNRST*QIVNNPR  for  purification. 

GST  Fusion  Protein  Purification  for  BIAcore 
Bacterial  cultures  expressing  GST'Rad53  and  Rad9  fusion  proteins 
were  collected  by  centrifugation  and  lysed  by  sonioation  in  TG  with 
5  mM  DTT.  Clarified  lysates  were  rotated  with  glutathione-sepharose 
beads  at  4°C.  The  beads  were  then  washed  in  batch  format  once 
with  >100x  bead  bed  volume  lysis  buffer  and  twice  with  PBS  or 
HS-t  (10  mM  HEPES  [pH  7.6],  150  mM  NaCI,  0.005%  Tween-20). 
For  the  FHA1  fusions,  the  latter  two  washes  lacked  protease  inhibi¬ 
tors,  and  thrombin  cleavage  was  performed  as  per  manufacturer’s 
suggestions  (Amersham).  Thrombin  was  removed  by  incubation  with 
benzamidine-agarose  beads  (Sigma).  The  GST-Rad53  FHA2  con¬ 
struct,  a  noncleavable  GST  fusion  protein,  was  eluted  with  glutathi¬ 
one,  and  the  glutathione  was  removed  by  dialysis. 

Synthetic  Peptides 

Rad9  peptides  were  synthesized  and  purified  by  the  Small  Scale 
Peptide  Synthesis  facility  at  the  W.M.  Keck  Biotechnology  Resource 
Center  at  the  Yale  School  of  Medicine. 

BIAcore  Peptide  Binding  Assay 

The  16-mer  Rad9  T390  peptides  were  combined  with  biotin-LC- 
NHS  (Pierce)  at  a  molar  ratio  of  1 .5:1  peptide:biotin  overnight  at  4°C. 
Remaining  NHS  groups  were  blocked  with  20  mM  Tris.  Biotinylated 
peptides  and  a  similar  biotin-only  mixture  were  diluted  and  flowed 
over  the  surface  of  a  streptavidin-coated  sensor  chip  in  a  BIAcore 
2000  as  per  manufacturer’s  instructions  (BIAcore).  The  peptide  sur¬ 
faces  typically  yielded  70-200  RUs  over  the  biotin-only  surface. 
Analytes  were  dialyzed  into  HBS-Tw  (10  mM  HEPES  [pH  7.6],  150 
mM  NaCI,  3.4  mM  EDTA,  and  0.005%  Tween-20).  For  the  SPR  mea¬ 
surements,  60  |xl  of  various  concentrations  of  analyte  at  10  ^,1/min 
or  1 25  ^,1  at  25  ^rl/min  were  flowed  over  each  surface  at  1 5°C.  Surface 
regeneration  was  accomplished  with  a  ppise  of  1  M  NaCI,  a  pulse 
of  2  M  MgClj,  and  extensive  washing  with  HBS-Tw. 

Genotoxin  Sensitivity  Assays 

For  the  cdc13-1  assay,  log-phase  cultures  of  1588-4C  cdc13-1 
rad9\  strains  bearing  appropriate  plasmids  were  shifted  to  37°C, 
and  aliquots  plated  in  duplicate  on  YPAD  at  the  indicated  times. 
Plates  were  incubated  at  23°C  for  3  days.  For  the  remaining  assays, 
cultures  of  1588-4C-  or  U960-5C-derived  strains  bearing  appro¬ 
priate  plasmids  were  brought  to  similar  densities  and  serially  diluted 
4-fold  in  a  96-well  plate.  A  48-pin  inoculator  was  used  to  spot  the 
diluted  cultures  onto  YPAD,  YPAD-rHU,  or  YPAD-r  MMS  plates.  Sets 
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of  YPAD  plates  were  UV  irradiated  in  a  prewarmed  Stratalinker  (Stra- 
tagene).  The  plate  cultures  were  grown  at  30°C  for  2-3  days. 

Assay  for  the  Gj/M  DNA  Damage  Checkpoint  Function 
This  assay  was  performed  iargely  as  described  (Lydall  and  Weinert, 
1995,  1997).  In  brief,  strains  derived  from  DLY408,  DLY409,  or 
DLY554  bearing  the  appropriate  piasmids  were  grown  to  eariy-log 
phase  at  23^  in  synthetic  media,  shifted  into  YPAD,  and  synchro¬ 
nized  with  a  factor.  Cells  were  washed  into  prewarmed  YPAD  and 
grown  at  37°C.  70%  ethanol  fixed  samples  were  sonicated  and 
spotted  onto  poly-L-lysine  (Sigma)-coated  siides,  dried,  and  seaied 
under  a  coversiip  with  DAPi  mounting  media  (Vector  Laboratories). 
For  each  sample,  at  least  100  cells  were  scored.  Cells  with  gross 
nuclear  or  morphological  defects  and  cells  terminally  G,  arrested 
as  determined  by  size  and  morphology  were  not  scored. 
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